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V zadnjih desetletjih je tehnološki napredek povzročil razvoj številnih novih idej 
in področij, ki pomembno prispevajo k izboljšanju kakovosti življenja ljudi. Ena od 
takšnih, ki se obeta v bližnji prihodnosti, je tudi avtonomna vožnja. 
Čeprav so v preteklosti znanstveniki že poskušali uresničiti izdelavo 
samovozečega avtomobila, razpoložljive tehnologije do danes niso zmogle 
izpolnjevati potrebnih zahtev. Peta generacija mobilnih sistemov, poznana kot 5G, je 
prvo tehnološko področje, ki predstavlja obetaven element pri realizaciji popolnoma 
avtonomne vožnje.  
Cilj tega magistrskega dela je bil raziskati, ali je omrežje 5G iz 3GPP Release 
15 sposobno zagotoviti potrebna sredstva za popolno podporo avtonomni vožnji in 
drugih družin primerov uporabe C-V2X, hkrati pa delovati v izjemno zahtevnih 
(omrežnih) scenarijih cestnega prometa. 
V teoretičnem delu magistrskega dela smo najprej predstavili nekaj 
najpomembnejših konceptov v paradigmi avtonomnih vozil, ki nam bodo kasneje 
pomagali bolje razumeti praktični del. Najprej smo s komunikacijskega stališča 
definirali avtonomno vozilo in njegove komunikacijske potrebe in storitve. Nato smo 
našteli nekaj najpomembnejših prednosti avtonomnih vozil, pa tudi nekatere najbolj 
zaskrbljujoče izzive, s katerimi se srečujejo strokovnjaki, ki se razlikujejo od 
tehnoloških in okoljskih do zakonodajnih in filozofskih. Na kratko smo predstavili tudi 
Vehicular ad hoc networks, Intelligent transport systems, Vehicle-to-everything in 
kako bi nadaljnji razvoj takšnih konceptov pozitivno vplival na človeštvo. 
V zadnjem delu teoretičnega dela smo podrobneje razdelali tehnologijo C-V2X, 
kjer smo začeli s kratkim pregledom njenega razvoja skozi zgodovino. Gre za 
tehnologijo, ki uporablja obstoječe celično omrežje za zagotavljanje povezave med 
vozili, med vozili in infrastrukturo, med vozili in omrežjem ter med vozili in pešci.  
Vsak nov korak k popolnoma avtonomnemu vozilu prinaša nove sklope še bolj 
zapletenih izzivov. Na začetku sta bili najpomembnejši tehnologiji, ki sta bili 
uporabljeni za V2X, DSRC in LTE-based V2X. Čeprav ima LTE-based V2X več 
18 Povzetek 
 
prednosti v primerjavi z DSRC, sta bila oba presežena z vidika zmogljivosti, ko je bil 
5G NR-V2X predstavljen skupaj s 5G celičnim omrežjem. 
Aplikacije V2X, kot so kooperativno zaznavanje in manevriranje med vozili, 
vodenje z visoko gostoto vozil in daljinsko vodenje vozil, podajajo težko dosegljive 
računalniške in komunikacijske zahteve, ki presegajo LTE in DSRC. Večina 
varnostnih aplikacij V2X zahteva izjemno majhno zakasnitev (pod 10 ms), izjemno 
visoko zanesljivost (blizu 100 %) in visoko hitrost prenosa podatkov (v območju 
Gbps). Celično omrežje 5G ima edino dovolj napredno tehnologijo, ki lahko doseže 
takšne pragove zmogljivosti. 
Poleg tega smo predstavili načrt 5GAA, ki prikazuje rezultate in napovedi na 
ključnih prednostnih področjih, kot je pospešek razvoja celičnih tehnologij iz LTE-
based V2X v 5G NR-V2X. 
Teoretični del se konča s prikazom, kako je 5G omogočil več primerov uporabe 
C-V2X, ki jih prej ni bilo mogoče vzdrževati z LTE kot nosilno tehnologijo, pa tudi 
kako lahko podpre novejše, bolj zapletene primere uporabe z višjimi zahtevami. 
Spoznali smo, da so nekateri primeri uporabe C-V2X izjemno zahtevni za omrežje, in 
sicer do te mere, da se pojavi dvom, ali bodo sploh sposobni delovati v resničnih 
situacijah. 
Teoretične raziskave smo dopolnili z vrsto simulacij, z namenom, da bi 
spremljali zakasnitev paketov in zanesljivost simuliranega omrežja 5G, in jo kasneje 
primerjali z zahtevami QoS družin primerov uporabe C-V2X. Simulacije so bile 
izvedene s pomočjo ogrodja OMNeT ++ 5G-Sim-V2I/N, ki omogoča simulacijo 
primerov uporabe 5G V2I / V2N z aplikacijami, ki obsegajo celotno uporabniško 
ravnino 5G. 
Simulirali smo dva različna scenarija cestnega prometa. V prvem scenariju smo 
simulirali avtocesto, kjer avtomobili vozijo z večjo hitrostjo, kar močno vpliva na 
delovanje omrežja. V drugem scenariju je bila pobuda izbrati nekaj povsem 
drugačnega, z namenom, da bi opazovali različne rezultate med dvema skrajnostnima. 
Zato je bila izbira za drugi scenarij urbano okolje, kjer je veliko ovir, kot so stavbe ali 
visoka drevesa, ki bi lahko motila komunikacijo. 
V obeh scenarijih sta bila izmerjena dva parametra QoS za štiri različne 
aplikacije UDP, ki delujejo vzporedno na več vozilih. Vzporedno izvajane aplikacije 
so vključevale aplikacije V2X, VoIP klic, video predvajanje in prenos podatkov od in 
k uporabniku, medtem ko so merjeni KPI vključevali zakasnitev in zanesljivost 
paketov. Izziv je bil spremljati zmogljivost omrežja v celotnem simulacijskem času in 
na koncu primerjati končne rezultate s celotnimi zahtevami glede zakasnitve in 
zanesljivosti nekaterih najzahtevnejših družin primerov uporabe C-V2X, ki naj bi bile 
Povzetek 19 
 
s pomočjo 5G omrežja izvedljive. Cilj je bil ugotoviti, za katere od teh družin primerov 
uporabe simulirano omrežje 5G izpolnjuje zahteve.  
Simulirali smo omrežje 5G po specifikacijah 3GPP Release 15 in rezultate 
ocenili glede na zakasnitev na celotni komunikacijski poti in zanesljivost. Rezultati so 
pokazali, da omrežje ne izpolnjuje zahtev, potrebnih za podporo tako skrajnih 
primerov uporabe v simuliranih scenarijih.  
Te ugotovitve so nas pripeljale do zaključka, da simulirano omrežje potrebuje 
nadaljnje izboljšave zmogljivosti, zlasti z vidika znižanja zakasnitev in povečanja 
zanesljivosti, kar je bilo tudi obljubljeno za prihodnje izdaje 3GPP. 
 





In recent decades, technological advances have led to the development of many 
new ideas and areas that have made an important contribution to improving people's 
quality of life. Autonomous driving is one area that has resulted from these advances.  
While attempts have been made in the past to try and facilitate the realization of 
the self-driving car, the available technologies have never met the needed 
requirements. However, the recently introduced 5G is believed to be a promising 
enabler for the fully autonomous vehicle.  
The goal of this thesis was to investigate whether the 5G network from 3GPP 
Release 15 is capable of providing the needed resources to fully support autonomous 
driving and other C-V2X use-case families while simultaneously operating in 
extremely demanding (network-wise) road traffic scenarios. 
In the theoretical part of the thesis (in the first four chapters), we firstly 
introduced some of the most relevant concepts in the autonomous vehicle paradigm, 
which would later help us better understand the practical part. We begin by defining 
the autonomous vehicle from a communication standpoint, and its communication 
needs and services. We continue by listing some of the most important benefits of 
autonomous vehicles, as well as some of the most troubling challenges that experts 
face, varying from technological and environmental challenges to legislative and 
philosophical ones. We also briefly present Vehicular Ad Hoc Networks, Intelligent 
Transport Systems, Vehicle-to-Everything and how the further development of such 
concepts would have a positive impact on humanity. 
The fourth chapter discusses the C-V2X technology, beginning with a brief 
overview of its evolution throughout history. It is a technology that uses the existing 
cellular network to provide the vehicle-to-vehicle, vehicle-to-infrastructure, vehicle-
to-network, and vehicle-to-pedestrian connections.  
Every new step towards a fully autonomous vehicle brings about new sets of 
even more complicated challenges. In the very beginning, the two most relevant 
technologies used for V2X were DSRC and the LTE-based V2X. Although the LTE-
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based V2X has multiple advantages compared to DSRC, they both got outclassed, in 
terms of performance, once 5G NR-V2X was introduced along with the 5G cellular 
network.  
V2X applications, such as cooperative sensing and maneuvering, high-density 
platooning and teleoperated driving, show hard-to-meet computing and 
communication demands, well beyond what LTE and DSRC can provide. Most V2X 
safety applications demand ultra-low latency (below 10 ms), ultra-high reliability (near 
100%), and a high data rate (in the Gbps range). The 5G cellular network is the only 
cellular technology advanced enough to be capable of reaching such performance 
thresholds. 
In addition, we presented the 5GAA roadmap which shows the results and 
predictions in the key priority areas, such as the acceleration of the evolution of cellular 
technologies from the LTE-based V2X towards the 5G NR-V2X. 
The theoretical part ends by showing how 5G has enabled more C-V2X use cases 
that were previously impossible to sustain with LTE as the underlying technology, as 
well as how it has introduced newer, more complex use cases with higher 
requirements. It quickly became clear that some of the C-V2X use cases are extremely 
demanding on the network, to the point where a lot of doubts arose whether they would 
be able to operate in real-life situations. 
The theoretical research was complemented with a series of simulations in order 
to monitor the packet delay and reliability of the simulated 5G network, which would 
later be compared to the QoS requirements of the C-V2X use-case families. The 
simulations were executed with the help of the OMNeT++ framework 5G-Sim-V2I/N 
which enables to simulate 5G V2I/V2N use cases with applications comprising the 
whole 5G user plane.  
We have simulated two different road-traffic scenarios. In the first scenario, we 
simulated a motorway where the cars drive at higher speeds, which can have a huge 
effect on the network's performance. In the second scenario, the initiative was to 
choose something completely different from the first one in order to observe different 
results between two extremes. Hence, the choice for the second scenario was an urban 
environment with heterogeneous road characteristics and buildings that act as 
obstacles which interfere with the signals. 
In both scenarios, two QoS parameters were measured for four different UDP 
applications running in parallel, on multiple cars. The running parallel applications 
included a V2X application, a VoIP call, a video stream, and a data download/upload, 
while the measured KPIs included packet delay and reliability. The challenge was to 
monitor the network performance throughout the simulation, and in the end compare 
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the final results with the end-to-end latency and reliability requirements of some of the 
most demanding C-V2X use-case families, which were said to have been enabled by 
the 5G network. The objective was to find out for which of these C-V2X use-case 
families the simulated network met the requirements. 
We have simulated the 5G network from 3GPP Release 15 and have evaluated 
our results in terms of end-to-end-latency and reliability; it quickly became clear that 
the network did not meet the requirements needed to support such extreme use-case 
families in the simulated scenarios.  
These findings brought us to the conclusion that the simulated network is in need 
of serious performance enhancements, in terms of lowering its latency and increasing 
its reliability, both of which have been promised for future 3GPP releases. 
 







1  Introduction 
We are at the dawn of a revolutionary era of mobility. The intelligent 
transportation systems of the future are just around the corner. With their 
implementation, humanity will benefit drastically in terms of lives saved, financial 
resource efficiency, increased traffic efficiency, convenience, better utilization of 
global road/highway networks, and a substantial reduction of the impact on the 
environment.  
Automated driving is one example of what we can expect from the cars of the 
future. However, for this vision to become reality, it will have to be accompanied by 
different mobile networks to fulfill the necessary requirements. This is where the fifth 
generation of wireless cellular technology (5G) comes in to play. 
5G has made a huge leap in every area compared with its previous generations, 
in terms of capability and performance. It is expected to connect almost everything 
around us with an ultra-fast, highly reliable, and fully responsive network. Self-driving 
cars will benefit from hundreds of sensors to become smarter and faster. And with 
these sensors, an enormous amount of data will be generated, more than any other 
Internet of things (IoT) device. Consequently, handling, processing, and analyzing 
such an enormous amount of data will require a more capable network compared with 
Long Term Evolution (LTE). This explains why 5G’s implementation is crucial if we 
want to make the jump to a future with connected, cooperative, and automated driving. 
The structure of this thesis is divided into two parts, the theoretical and the 
practical. The theoretical part includes the first four chapters, and there is where we 
present some of the most relevant concepts associated with the autonomous vehicle 
sector, as well as go over all the important information needed for the understanding 
of the practical part of the thesis. We finish the theoretical part, by going in-depth on 
one of the most promising technologies, called the Cellular Vehicle-to-Everything (C-
V2X). Coupled with the recently introduced 5G network, the C-V2X is said to be 
capable enough in meeting the requirements of some of the most demanding use-cases, 
including autonomous driving. 
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Other than exploring the world of autonomous vehicles, the second objective of 
this thesis was to find out whether the 5G network would be efficient in handling some 
of the most demanding C-V2X use-case families. In the practical part of the thesis, we 
have simulated hundreds of cars, in two different road traffic scenarios with 5G 
network coverage. In both scenarios, each car had four User Datagram Protocol (UDP) 
applications running at the same time, including a Vehicle-to-Everything (V2X) 
application, a Voice over Internet Protocol (VoIP) call, a video stream, and a data 
download/upload. Throughout the entire simulation time, we have measured the 
Quality of Service (QoS) parameters for all four applications, where the focus fell on 
the V2X application because we would later compare its measured packet delay and 
reliability, with the QoS requirements of some of the most demanding C-V2X use-
case families.  
The final goal of the thesis was to try and figure out which one of these use-case 
families’ requirements have been met by the simulated 5G network.  
1.1  Workflow 
This thesis has been written during an Erasmus exchange program, at the 
Barcelona School of Telecommunications Engineering (ETSETB), which is part of the 
Polytechnic University of Catalonia (UPC).  
It took around 9 months, for the realization of the thesis. While the initial 
estimated time for its completion was a lot shorter, It got a bit delayed due to COVID-
19. The writing process has been divided into four phases, as we can see in the bottom 
Gantt chart. 
 
                                      Figure 1. 1:  Workflow Gantt chart 
The first phase was the Information Gathering phase. In this phase, we were 
simply gathering information, to try and figure out, which topic would be the most 
interesting to write about. Soon after the topic was selected, began the process of 
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picking multiple articles and other resources, from which we would later extract the 
needed information to help us write our thesis. 
The actual writing of the thesis has started with the Theoretical phase. In this 
phase, we have written the first four chapters, which include the entire theoretical 
background needed for the reader to later understand the practical part of the thesis. 
This phase also includes the period of searching for the simulation framework, as well 
as the period of deciding on the specific challenge to simulate in the practical part.  
The Practical phase consists of the Simulation part and finishing chapters 5 and 
6. The Simulation part was the process that included the following steps: Setting up 
the simulation environment, successfully completing the simulations, and extracting 
the needed information in form of graphs. Once we got the results needed from the 
simulations we went and finished the last two chapters. 
In the end, we have spared some time for the Correctional phase. This phase was 




2  Autonomous Vehicle 
The vision of smart cities has been around for a long time. It represents an urban 
area that is made safe, secure, environmentally friendly and most of all efficient. Using 
information and communication technologies, the smart city aims to make the lives of 
its people as easy, efficient, and safe as possible. Vehicle connectivity plays a leading 
role, especially when it comes to safety, traffic management, and navigation.  
There have been a couple of attempts in the past, in which people have attempted 
to create the self-driving vehicle. The first autonomous car dates back to the 1980s, in 
a project funded by the United States’ Defense Advanced Research Projects Agency, 
called the NavLab. This car looked like a postal delivery truck, and it bore little 
resemblance to Google’s driverless car, which was first released on the roads of 
Arizona in 2017. Since then, technology has continued to evolve, and many predictions 
have been sparked about how autonomous cars will transform the way we live, work, 
and function in society. The problem was that the technology never came close to 
fulfilling the requirements [1].  
With the relatively recent introduction of the 5G mobile network, many believe 
that this will be able to sustain something as incomprehensible as a self-driving 
vehicle. It is expected that in the next few years there will be an increase in newly 
made cars with enhanced automation capabilities. The actual autonomous vehicle 
(AV) will follow soon after. 
2.1  Definition of the Autonomous Vehicle 
Autonomy is the capability to make informed, uncoerced decisions. An AV, also 
known as an autonomous car, self-driving car, connected and autonomous vehicle 
(CAV), automated vehicle, robo-car, or robotic car is a vehicle capable of sensing its 
environment and operating within it, without any form of human involvement 
whatsoever. A human passenger is not required to have any input for the vehicle to 
function, and the vehicle is still able to operate even if the passenger is not present 
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inside the vehicle. A fully autonomous car would be capable of going anywhere and 
doing everything that a normal car would, were it driven by an experienced driver [2]. 
AVs rely on complex algorithms, sensors, actuators, machine learning systems, 
artificial intelligence (AI), and extremely powerful and reliable processors to execute 
their system. Just like people, AVs have different sets of tools with which to orient 
themselves in the space surrounding them, such as tools like radar sensors to monitor 
the position of vehicles nearby. Lidar sensors are used to bounce light pulses to 
measure distances from different obstacles. Video cameras are used for traffic lights, 
road signs, and pedestrian detection. Ultrasonic sensors are used in the wheels to detect 
curbs and other vehicles when parking. With the gathered sensor information and the 
use of complex software, the vehicles generate a map that accurately mimics their 
environment, as can be seen in Figure 2.1. The system then sends the car's actuators 
instructions on how to operate in the given environment. 
 
                            Figure 2. 1:  A vehicle is aware of its environment 
While the term autonomous is often used interchangeably with self-driving, we 
must be aware that it is not entirely the same thing. The Society of Automotive 
Engineers (SAE) [3] prefers the term automated instead of autonomous. The reason 
for this is that autonomy has implications that exceed the electromechanical. A fully 
autonomous car would be fully self-aware and able to make choices based on its own 
judgment. For example, it would not drive you to work if it did not feel like it, instead, 
it would go to the beach. On the other hand, a fully automated car would drive by itself 
while still following given orders.  
Similarly, self-driving is often used interchangeably with autonomous, and these 
terms are also not the same. A self-driving car can operate in some or even all 
situations, but a human passenger must always be present and ready to take control. 
According to the SAE’s six levels of driving automation, the self-driving car would 
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fall into Level 3 (conditional driving automation) or Level 4 (high driving automation). 
For both levels, the self-driving mode can only be used in known areas (usually urban 
environments) at relatively low speeds; this is also known as geofencing. On the other 
hand, a Level 5 car is fully autonomous. SAE's six levels will be discussed further in 
the following chapter. 
2.2  Levels of Driving Automation 
Researchers predict that by the year 2025 we will see approximately eight 
million autonomous or semi-autonomous vehicles on the road. However, first, these 
self-driving cars have to progress through the six levels of driver assistance technology 
advancements defined by the SAE, spanning from Level 0 (fully manual) to Level 5 
(fully autonomous). It is necessary to consider what these levels are, what they 
represent, and why it is important to divide them into exactly six levels [4]? 
 
 Level 0 (No Driving Automation) 
Level 0 refers to vehicles that are manually controlled, this being the vast 
majority of the vehicles on the road today. Despite the human driving the vehicle, there 
are still some systems that are implemented to help the driver; some of these include 
the issuing of warnings, or even the vehicle momentarily intervening. One example is 
the use of emergency braking systems. Since these systems technically do not drive 
the vehicle, they do not qualify as automation. 
 
 Level 1 (Driver Assistance) 
At Level 1, the driver and the automated system share control of the vehicle. The 
vehicle features a single automated system for driver assistance, such as accelerating 
or steering. One example of this is adaptive cruise control, in which the driver controls 
the steering and braking while the automated system controls the speed of the vehicle. 
Another example is parking assistance, in which the driver controls the speed of the 
vehicle, and the steering is automated. The driver must be on guard at all times, ready 
to take control of the vehicle if necessary. 
 
 Level 2 (Partial Driving Automation) 
Level 2 is when the automated system takes control of the vehicle, including 
accelerating, steering, and braking. Similar to Level 1, the driver must be ready to 
intervene if the automated systems fail to respond appropriately to certain scenarios 
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on the road. Some of the examples that fall into the Level 2 category are the Tesla 
Autopilot and the Cadillac Super Cruise systems. The Advanced Driver Assistance 
Systems (ADAS) also fall into this category. 
 
 Level 3 (Conditional Driving Automation) 
Finally, we have reached the point where the driver can safely turn their attention 
away from the road, text, or make a phone call while the system does the dirty work. 
At this level, the vehicle is capable of handling more crucial scenarios, such as 
emergency braking, if there is an obstacle on the road, courtesy of the Level 3 
environmental detection capabilities. Despite this, the driver must still be prepared to 
intervene within a limited time window if the vehicle requests them to do so. The time 
window depends on the manufacturer. The Audi A8 Luxury Sedan was the first 
commercial car with such capabilities.  
 
 Level 4 (High Driving Automation) 
This is similar to Level 3, with the addition that no driver intervention is needed 
for safety. Level 4 automation can independently deal with challenging situations. It 
can even handle system failure, or other unexpected problems, by safely removing 
itself from traffic and finding a safe space to park. So, the driver can even take a nap 
without any worries. 
Level 4 vehicles can operate in self-driving mode. However, there are still some 
scenarios that might be a little too complicated without the assistance of the driver. 
That is why Level 4 is also subject to geofencing.  
 
 Level 5 (Full Driving Automation) 
At this level, no human intervention is required whatsoever. Level 5 cars will 
not even have steering wheels or pedals. A Level 5 vehicle will be able to replicate 
everything that an experienced driver is capable of doing, no matter the area of 
operation. This makes it a perfect system for use in trucks, taxis, buses, and similar 
public transport. 
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                              Figure 2. 2:  SAE's six levels of driving automation 
While, undoubtedly, Level 5 vehicles are going to appear at some point in the 
near future, there are still some critical issues that need to be addressed before they can 
be safely released. 
2.3  Advanced Driver Assistance Systems 
ADAS is a set of electronic systems that assists drivers with driving and parking 
functions. Their goal is to reduce the number of deaths and injuries in car accidents 
that are usually caused by human error. While the automotive industry is advancing at 
a rapid pace, so too is the demand for technologies such as ADAS. Previously, many 
drivers have experienced partially automated driving (Level 2 autonomy) thanks to the 
integration of vehicles and the automotive ADAS technology. Today, the ADAS 
technology is one of the fastest-growing segments of the AV industry, to the extent 
that it is considered to act as the bridge from the non-autonomous to fully autonomous 
vehicles. The closer we get to Level 5 autonomy, the more robust the ADAS 
technology will become.  
This technology was created so it that could respond faster than any human 
driver ever could. It is helped by cameras and a new AI function that uses sensor fusion 
to identify and process objects. Sensor fusion combines ultrasound sensors, radar, 
lidar, and image recognition software to combine and process large amounts of data, 
similarly to the human brain, except that the response time and consistency are much 
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higher in comparison. In other words, it can analyze a streamed video, understand the 
content of the video, and decide how to react to it in real-time. Some of the most 
important ADAS applications are the following [5]: 
 
 Adaptive Cruise Control 
Depending on the space that the car finds itself in, this application can 
automatically accelerate, decelerate, and even instantly stop the vehicle. A good 
example is on the highway where, after a long driving session, the driver is not fully 
concentrating on the road, and the application might stop him from exceeding the 
critical speed limit or help him evade an obstacle. 
 
 Glare-Free High Beam and Pixel Light 
This glare-free high beam and pixel light application uses the car's sensors to 
adjust to the darkness. It can illuminate oncoming traffic for a clearer view, and 
simultaneously it prevents the beam of light from shining directly into the eyes of the 
opposing drivers, meaning that they do not get blinded. 
 
 Adaptive Light Control 
Adaptive light control changes the direction, strength, and rotation of the 
vehicles’ headlights, depending on the external lighting conditions. 
 
 Automatic Parking 
Automatic parking varies from informing the driver of the location of blind spots 
around the vehicle to doing all the work when parking a car, without the need for 
human intervention. 
 
 Autonomous Valet Parking  
Autonomous Valet Parking is a product of sensor meshing, specific cloud 
services and the 5G mobile network. With the combination of these tools, the vehicle 
knows where it is positioned, where the parking space is, and what the optimal route 
is to get there. Once it has all the needed information, it proceeds to safely park the 
car. 
 
 Navigation System 
Advanced Navigation Systems provide the driver with the necessary navigation, 
and, simultaneously, they attempt to keep distraction factors to a minimum, so the 
driver can fully concentrate on the road. These navigation systems usually have voice 
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and on-screen instructions, while some even include head-up displays. They also 
inform the driver about traffic and other surprising obstacles that might prolong the 
drive while simultaneously suggesting better and faster options. 
 
 Night Vision  
During the night or in darker spaces, the driver might have problems seeing what 
is in front of the vehicle. Night vision uses different night vision systems that make 
the road clearer. 
 
 Blind Spot Monitoring 
The vehicle uses its sensors to monitor the blind spots around it that are usually 
impossible to see from the driver’s perspective. Once an obstacle appears in one of 
these spots around the vehicle, the driver is either informed or the vehicle even reacts, 
in case the obstacle gets too close.  
 
 Automatic Emergency Braking 
This application uses the vehicle’s sensors to predict if there is any obstacle in 
its surroundings that might potentially lead to a collision.  
 
 Crosswind Stabilization 
This is a fairly new application designed so that the vehicles can operate more 
smoothly in the presence of strong crosswinds. By adapting the vehicle’s speed, 
brakes, and steering wheel sensitivity, it can give the driver the impression that they 
are driving in normal circumstances. 
 
 Driver Drowsiness Detection 
As the name suggests, this application is used to prevent the driver from falling 
asleep. It uses the help of sensors to monitor the driver’s heartbeat, steering wheel grip, 
and head movement to measure the driver’s drowsiness level. If the results do not look 
good, then the vehicle informs the driver with a sequence of warnings.  
 
 Driver Monitoring System 
Similar to the drowsiness detection system, this application is used to keep an 
eye on the driver’s behavior. It uses sensors to monitor whether the driver is keeping 
his eyes on the road or if he is concentrating on other things. Depending on the driver’s 
distraction levels, the vehicles might warn the driver or even take over control of either 
the braking or the steering wheel. 
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 5G and V2X 
The V2X is the most impactful ADAS feature by far. It provides connections 
with outside networks, roadside infrastructure, pedestrians, and other vehicles. Also, 
with the recently released 5G network, all of its capabilities have become enhanced, 
such as increased reliability and ultra-low latency. Since this application is so broad 
and important, we will explore both V2X and 5G more fully in the chapters to come.  
 
As seen in Figure 2.3, self-driving cars use a variety of these applications and 
technologies to gain 360-degree vision, both in its immediate vicinity and at a further 
distance. 
 
                                            Figure 2. 3:  The Sensors used in ADAS 
With the rapid development of these types of applications, ADASs play a 
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2.4  Benefits of Autonomous Vehicles 
When people hear about AVs, the first thing that comes to mind is the increase 
in quality-of-life. Even though this might be true, the potential benefits are essentially 
limitless, and they manifest themselves in different dimensions. Some of the most 
important ones are listed below [1]: 
 
 Reduced Accidents  
In the EU, human error is involved in approximately 95% of all road traffic 
accidents. In the year 2017, approximately 25,300 people lost their lives on the Union's 
roads [6].  
The United States Department of Transportation [7] predicts that the rise of 
driverless cars will see the number of traffic deaths fall drastically. The deaths are 
expected to decrease by 90%. In 2017, the US reported 37,133 deaths as a result of 
vehicle crashes (94% of which were caused by human error); so, a 90% reduction 
would save approximately 30,000 lives in a single year.  
 
 Drop in Emissions 
Fewer accidents also mean less traffic congestion, which in turn leads to a drop 
in emissions. However, this would not just be due to a reduction in accidents. These 
vehicles will be capable of smoother driving profiles and, consequently, smoother 
traffic flow compared with entirely human-piloted traffic. Smoother traffic means 
lower fuel consumption, which will cause less damage to human health and the 
environment. Ohio University’s Future of Driving report states that harmful emissions 
will be reduced by 60% after the advent of AVs [1].  
 
 Lower Fuel Consumption 
Rand’s Autonomous Vehicle Technology Guide states that self-driving cars will 
provide a reduction in fuel economy by between 4% and 10%. This is supported by 
the Ohio University’s study, which states a figure of 3.1 billion gallons of fuel as the 
amount wasted by US drivers each year [1]. 
 
 Lane Capacity  
The same Rand report also predicts that lane capacity could increase by a staggering 
500%. The State Smart Transportation Initiative states this figure as only 100% (still 
an impressive increase), which it says, in turn, could result in a 20% increase in traffic 
speeds [1]. 
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 New Jobs 
The self-driving vehicles' market is expected to grow exponentially, creating 
new jobs, as well as developing profits of up to €620 billion by the year 2025 for the 
automotive industry in the EU [6]. 
 
 Travel Time 
UK citizens’ travel time could be reduced by 40%, according to KPMG’s 
Connected and Autonomous Vehicles – The UK Economic Opportunity. This would 
result in saving £20 billion by increased productivity and better use of time for people 
who would otherwise have been traveling in vehicles. Meanwhile, in the US, 
autonomous cars are expected to save workers 80 billion hours that are lost to 
commuting, saving the economy US$1.3 trillion [1]. 
 
 Consumer Savings 
In the UK, according to KPMG, the savings to be had on reduced insurance costs, 
reduced running costs, and parking would that the UK consumer market would save 
£5 billion a year. 
 
 Last Mile Services 
Autonomous cars are also expected to solve the last mile problem (in which 
people struggle to travel the final mile between their home and the public transport 
drop off point). This should supplement public transport, utilizing the reduction in 
traffic and the autonomous car's ability to find a parking space and park independently. 
Moreover, there would be a predicted drop in taxi wait time of 88%, with 15% less 
space being needed for parking and enhanced mobility for seniors in an aging 
population. 
 
The above-mentioned are only a small fraction of the changes we can expect. 
All the benefits have yet to be discovered completely, this being another reason that 
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2.5  Challenges of Autonomous Vehicles 
As we mentioned before, an AV is a combination of actuators, different state-of-
the-art sensors, complex algorithms, and powerful processors, all of which help to 
execute their complex software. Despite having all of these things at hand, driverless 
vehicle systems that are capable of surpassing human-level driving skills in all possible 
road conditions, are still a long way from being realized. The challenges that experts 
face vary from the technological and environmental to the legislative and 
philosophical; some of the most troubling are [2]: 
 
 Lidar and Radar 
Lidar is expensive and is still trying to find the optimum between range and 
resolution. Additionally, lasers and radar might cause interferences between vehicles. 
 
 Weather Conditions 
Weather conditions play an important part. There is absolutely no possible 
weather condition in which the car should not be able to operate. That is why failure 
and downtime are not an option. This means that AV’s will have to cope with situations 
such as thick layers of snow on the road and the disappearance of lane markers. If the 
cameras and sensors are not able to track the lane markings because of water, oil, snow, 
or debris, then the AV will have to have a plan B option. 
 
 Traffic Conditions and Laws 
With the first release of autonomous cars on the road, it should be remembered 
that there will be other humans driving alongside them. Whenever humans are 
involved in anything, emotions are also involved; these are sometimes helpful and 
sometimes not in making rational decisions, making human driving a lot more 
unpredictable and harder to adapt to, compared with autonomous driving systems. 
Also, there are often cases where humans break traffic rules, making them even harder 
to predict. 
 
 Accident Liability 
This is by far the most complicated discussion. Who is liable for the accidents 
caused by the self-driving car? Considering that the software will be making all of the 
decisions, does this mean that the manufacturer is responsible? This will be especially 
pertinent since newer autonomous Level 5 designs will not have steering wheels or 
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dashboards. This will mean that the driver will have no impact whatsoever and will 
not be able to take control of the vehicle even in extreme situations. 
 
 Artificial vs. Emotional Intelligence 
Humans are wired to respond to subtle cues and non-verbal communication, such 
as the body language and facial expressions of other road users, making this aspect 
especially hard to accurately replicate with AI systems.  
 
While these riddles seem impossible to solve, the determination of engineers, 
scientists, and problem-solvers is limitless. That is why there is a certainty that with 
the collective effort of all involved, it will be possible to triumph over these issues. 
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Different vehicular communication technologies are recognized as an important 
element in modern societies. Because of these technologies, we have seen a large 
increase in Roadside Units (RSUs). Together, the RSUs and vehicles act as nodes, 
forming new networks for different purposes. 
These nodes are meant to exchange different types of information, such as traffic 
information for better traffic flow, safety information to minimize risks, driving 
assistance and much more. 
Networks such as these provide vehicles with information about their 
surroundings and a sense of awareness. This is why vehicular communication plays an 
essential role in the development of autonomous driving. In the next few chapters, the 
most important concepts relevant to the aforementioned networks will be further 
discussed. 
3.1  Intelligent Transport Systems 
Intelligent transport systems (ITSs), are a set of new systems that aims to 
improve or resolve some of the main transport issues that an individual faces on a day-
to-day basis. The main objective is to minimize traffic accidents and congestion. The 
approach used is to connect all of the vehicles, road infrastructure, and people in a 
local area so that they can operate in harmony, being fully aware of everything that is 
happening in the surrounding environment, leading to a more fluid traffic flow and 
fewer unexpected events that may lead to accidents. ITSs also endow users with prior 
information like seat availability on a public bus, which reduces the travel time of 
commuters, as well as enhancing comfort and safety [9]. 
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                                  Figure 3. 1:  Intelligent Transport Systems 
The entire application is based on data collection, analysis, and the use of results 
for traffic management. Here sensors, information processors, roadside messages, GPS 
updates, communication systems, and automated traffic prioritization play essential 
roles. The main application areas of ITS are the following: 
 Advanced Traffic Management System 
 Advanced Traveler Information System 
 Advanced Vehicle Control System 
 Advanced Public Transportation System 
 Advanced Rural Transportation Systems 
 Advanced Commercial Vehicles Operations System 
We live in a time where urbanization is rapidly expanding and, consequently, 
the number of cars on the road is also increasing, meaning that it might come to a point 
when there would be too many vehicles for these systems to handle. If everything 
collapses, larger cities will be impacted the most. This is mainly so, because if the 
traffic flow in a city takes a hit, then everything else will slow down as well. That is 
why it is in both the city administrators' and the citizens' best interests to prevent that 
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from happening. Therefore, a lot of time and resources are being invested in these 
application areas. 
3.2  VANETs 
Vehicular Ad-Hoc Networks (VANETs) were created based on the principles of 
Mobile Ad-Hoc Networks (MANETs). The term “ad hoc networking” typically refers 
to a system of combined elements that form a network that does not require much 
planning. 
VANETs' objective is to provide communication between vehicles, and between 
vehicles and infrastructure nodes, that are in close proximity of each other. They have 
been gaining significant attention from the research community because they are one 
of the key enablers for ITSs. Based on their characteristics, VANETs are very different 
compared with other networks. One thing unique to VANETs is that they operate in 
an infrastructure-less environment, where the vehicular nodes are self-organized. The 
nodes are limited to the road’s topology; so, if road information exists, it is possible to 
make predictions regarding vehicles’ behaviors. It is also helpful that vehicles are 
capable of sensing, computing, and communicating, as well as providing continuous 
transmission power to support a large array of functions. Given this, VANETs come 
with several highly challenging characteristics, making them more complex and harder 
to deal with. One issue might be the potential presence of too many nodes that might 
result in bad network performance. A good example would be rush-hour. The other 
major problem is high mobility. Most vehicles travel at very high speeds and change 
their position constantly. The above-mentioned features constitute a highly dynamic 
network topology [10]. 
Aiming to solve these issues, the Institute of Electrical and Electronics Engineers 
(IEEE) committee has developed the WLAN-based, IEEE 802.11p standard for 
VANET’s, called the Dedicated Short-Range Communication (DSRC).  
DSRC is a technology that enables relatively high-speed, highly secure direct 
communication between vehicles and the infrastructure surrounding them, without the 
involvement of any cellular infrastructure. In Europe, the European 
Telecommunications Standards Institute (ETSI) has allocated 30 MHz of spectrum in 
the 5.9 GHz band for ITSs, while in the US, the United States Federal Communication 
Commission (FCC) department has assigned them 75 MHz of bandwidth at 5.9 GHz. 
DSRC plays an important role in vehicle-communications, which explains why 
this thesis will further examine this technology in Chapter 4.2. 
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3.3  V2X 
With the increased development in the ITS sector, technologies for CAVs are 
rapidly improving. One of the challenges car manufacturers are facing is how to 
reliably pass the information from a vehicle to another vehicle in different scenarios. 
In this regard, V2X technologies play a crucial role. V2X is used for the passing of 
information from a vehicle to an entity that may affect the vehicle, and vice-versa. It 
is capable of exchanging critical information to improve situational awareness and, 
thus, avoid accidents. Furthermore, V2X provides reliable access to the vast amount 
of information available in the cloud. For example, real-time traffic, sensor and high-
definition mapping data can be made available; these will not only be useful for today’s 
drivers but will be essential for navigating self-driving vehicles in the future. 
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As shown in Figure 3.2, the V2X connectivity can be divided into four sub-
categories, depending on the entity with which the vehicle is exchanging information. 
Therefore, we know of the following options: 
 
 Vehicle-to-Vehicle Communication (V2V) 
All vehicles broadcast information, such as the location of the vehicle, speed, 
velocity, direction of travel, etc., that can be received by other vehicles. The other 
vehicles can then adapt to this information to avoid any potential accidents. 
 
 Vehicle-to-Infrastructure Communication (V2I) 
The infrastructure can make intelligent decisions based on the information it is 
receiving. One example would be a traffic light deciding the optimal signaling 
depending on the information it got from other vehicles. Another example would be a 
RSU along the road that would empower the signals from vehicles in an attempt to 
make them reach even further. 
 
 Vehicle-to-Network Communication (V2N) 
V2N communication includes the connection between a vehicle and an outside 
network. The most prevalent example would be the exchange of information between 
the vehicle and the internet. 
 
 Vehicle-to-Pedestrian Communication (V2P) 
V2P communication was created primarily to increase the pedestrian's safety. 
V2P is useful, for example, when vehicles are driving in difficult situations such as 
heavy rain, fog, or similar scenarios where it is much more difficult to see the road in 
front of the vehicle. In situations such as these, both the vehicle and the pedestrians 
will be notified of each other’s presence, in an attempt to avoid a collision. 
 
Using all of the above communication options in combination will help the 






4  C-V2X 
V2X is one type of solution that can be considered as a wireless sensor system 
that allows vehicles to share information through a communication channel. 
Depending on the underlying technology being used, there are two V2X technology 
options to choose from. The afore-mentioned Wireless Local Area Network (WLAN)-
based V2X standard IEEE 802.11p was published back in 2012, by the IEEE. Despite 
it being at the center of attention for many years, it was easily outshone in 2016 when 
the 3rd Generation Partnership Project (3GPP) published V2X specifications based on 
LTE as the underlying technology. The LTE-based V2X is generally referred to as 
Cellular V2X (C-V2X) [13]. 
4.1  LTE-based V2X 
In the past two decades, the evolution of cellular connectivity has made immense 
improvements. So, it was a matter of time before car manufacturers started equipping 
their vehicles with cellular technology. The following are the main reasons for its 
implementation [13]: 
 
 Functional reasons: more and more vehicle-related functionality 
requires backend connectivity, such as map updates, software updates 
over the air, traffic information and online navigation, remote control 
functions, and others. 
 
 Driver safety reasons: a variety of safety services relying on cellular 
connectivity, such as emergency calls or hazard warnings out of backend 
services. 
 
 Customers’ experience: the customer expects to use the services that 
they are accustomed to using outside, as well as inside the vehicle, 
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regardless of whether they are the drivers or the passengers. In an 
automated driving mode, the customer will be both the driver and the 
passenger. 
 
Cellular V2X or LTE-V2X made its first appearance in 2015 when the 3GPP 
specified V2X features to support V2X services based on the LTE system in the 3GPP 
Release 14 [14]. Not long afterward, the specifications were first published in 2016, in 
the same Release 14 [14] that covered the vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) requirements. The V2V communications are based on Device-to-
Device (D2D) communications defined as part of Proximity Services (ProSe) in 
Releases 12 [15] and 13 [16]. In Release 14 [14], a new D2D interface was released 
exclusively for the use of V2V communication use cases: the communication over the 
peer-to-peer PC5 interface. This was an enhanced version more suited to handling high 
relative vehicle speeds (Doppler shift/ frequency offset) up to 500 km/h, 
synchronization operation outside eNodeB coverage, improved resource allocation, 
congestion control for operation in high traffic load, and sensing and traffic 
management for different V2X services.  
In the next section, a deeper insight into LTE, the first core communication 
technology that made the implementation of C-V2X possible, is provided. 
 
4.1.1  LTE 
LTE is such a wide topic that it could encompass a Master’s thesis on its own. 
That said, it was still considered necessary to provide a quick rundown of some of the 
main features that are the most relevant to the subject at hand, in the attempt to provide 
a better understanding as to why LTE was such an important enabler for the further 
development of the ITS systems. 
 
4.1.1.1  Introduction to LTE 
Cellular wireless systems have come a long way. The First Generation of 
Wireless Cellular Technology (1G) had been introduced back in 1981, and ever since 
then, mobile technology has been spreading exponentially, with a new mobile 
generation appearing approximately every ten years. [17] 
Immediately afterward came the Second Generation of Wireless Cellular 
Technology (2G). This offered many benefits over its analog predecessor. With its 
introduction, data services such as SMS, MMS, text messages, and photo sharing were 
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a possibility. In addition, with the 2G communications, text messages and phone 
conversations were digitally encrypted, and the spectrum was used more efficiently, 
adapting to the increased number of mobile phone subscribers. 
Then, in 1998 the Third Generation of Wireless Cellular Technology (3G) was 
introduced; this was based on mobile communications’ standards that complied with 
the International Mobile Telecommunication-2000 specifications [8]. 3G brought with 
it a set of broader applications such as fixed and mobile wireless internet access, video 
calls, and even mobile TV. The later versions were even capable of supporting several 
megabits per second (Mbps). 
 
 
                                        Figure 4. 1:  Evolution from 1G to 4G 
The Fourth Generation of Wireless Cellular Technology (4G) specifications 
were first introduced in March 2008. It was then first deployed in Stockholm, Sweden 
and in Oslo, Norway in 2009 as the LTE 4G Standard; it was then slowly introduced 
to the rest of the world. This generation made by far the biggest impact, when 
compared with its predecessors. The peak speed requirements were designated at 100 
Mbps for high-speed mobility communications (such as using wireless connectivity 
on a train) and 1 Gbps for low mobility communications (such as wireless connectivity 
while walking). All of this resulted in faster and improved mobile broadband 
experiences, leading to much faster mobile web access that enabled extremely fast web 
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browsing and new features such as high-quality video streaming. Compared with the 
older generation, LTE’s main advantages come from the following features:  
 High-speed data rates 
 Cost-effectiveness 
 Reliable connectivity 
 Increased carrier capacity of subscribers 
Furthermore, it has two (up to four) times the spectral efficiency compared with 
the previous communication technologies. This makes it a really good carrier for 
V2X’s further development. 
 
4.1.1.2  3GPP 
The task of specifying the actual mobile-communication technologies falls on 
organizations like the 3GPP, which is an umbrella term for a group of standards 
organizations. The group is composed of seven members: ARIB, CCSA, ATIS, ETSI, 
TTA, TTC, TSDSI. Their best work is related to the development and maintenance of 
2G GSM, 3G WCDMA/HSPA, 4G LTE and 5G New Radio (5G NR) and 5G related 
standards. The technical specifications for mobile communications are constantly 
evolving in attempting to meet the needs of new features and services. This means that 
the specification is not a one-time job but rather an ongoing process. Once the 
specification is finished, it usually takes one year for it to be released onto the market. 
The 3GPP documents are divided into releases. Figure 4.2, presents a timeline of all 
the 3GPP releases from 2008 to 2017, including all the main upgrades for LTE.  
As can be seen, LTE was first introduced in Release 8, and then, with Release 
10, there was a major upgrade with LTE-Advanced (LTE-A), and afterward, with 
Release 13, the LTE-Advanced Pro (LTE-A Pro) made its appearance. Also, with each 
new release, there was a set of new features and upgrades added in comparison with 
previous releases [18]. 
With all of these advances, there has been a high degree of continuity in these 
evolving systems, making it possible for existing equipment to be prepared for future 
features and functionalities. Each progressive 3GPP radio access technology aims to 
avoid fragmentation of technologies and reduce the overall complexity. Continuing 
this trend, the 3GPP continues in releasing new specifications, leading up to the 5G 
era, which will be examined further in Chapter 4.3. 
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                                Figure 4. 2:  LTE evolution by 3GPP Release 
With all of these advances, there has been a high degree of continuity in these 
evolving systems, making it possible for existing equipment to be prepared for future 
features and functionalities. Each progressive 3GPP radio access technology aims to 
avoid fragmentation of technologies and reduce the overall complexity. Continuing 
this trend, the 3GPP continues in releasing new specifications, leading up to the 5G 
era, which will be examined further in Chapter 4.3. 
 
4.1.1.3  LTE Network Architecture 
The standard LTE network architecture consists of the following three 
components: The evolved UMTS terrestrial radio access network (E-UTRAN), the 
evolved packet core (EPC), and the user equipment (UE) [19]. 
 
                                 Figure 4. 3:  LTE System Architecture 
 User Equipment 
UE’s are all of the devices used by a subscriber to communicate. They comprise 
different modules, such as Mobile Termination that handle all the communication 
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functions, then the Terminal Equipment is used for the termination of the data streams, 
and finally, the Universal Integrated Circuit Card, which stores specific user data, such 
as the information about the user’s security keys, phone number, and home network 
identity. 
 
 E-UTRAN (The Access Network) 
The E-UTRAN handles the radio communications between the UEs and the 
EPC. It comprises multiple eNodeBs that are used as base stations to serve UEs in one 
or more cells. An eNodeB typically communicates with the UE, other eNodeBs, and 
the EPC. It is used for performing radio resource management, routing of the user 
plane packet towards the Serving Gateway (S-GW), the Mobility Management Entity 
(MME) selection, packet ciphering and compression, and message scheduling and 
transmission. If a communicating pair of a UE and an eNodeB exists, then that eNodeB 
is called the serving eNodeB to that particular UE. 
 
 The EPC (Core Network) 
The Evolved Packet Core (EPC) is LTE's core network. Altogether it consists of 




The Home Subscriber Server functions as a central database that contains user-
related and subscription-related information. It conducts mobility management, user 




The Packet Data Network Gateway (P-GW) is used to communicate with other 
PDNs. It acts as the border of exit and entry for traffic between external PDN’s and 
UE’s. It is possible for a UE to be connected with multiple P-GWs while accessing 
multiple different PDN’s. The P-GW acts as an anchor for mobility between 3GPP and 
non-3GPP technologies. Other functions include policy enforcement, user by user 
packet filtering, packet screening, lawful interception, and charging support. 
 
 S-GW 
The S-GW acts as a type of router between the base station and the P-GW. It 
also acts as an anchor for handover between different eNodeBs. 
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 MME 
The MME, in short, controls the high-level operation of the UE through 
signaling messages. It handles both the signaling exchanges between the UE’s and the 
eNodeBs, as well as the one between the eNodeBs and the EPC. The MME has a wide 
array of important functions, the most important ones being authentication, mobility 




The Policy and Charging Rules Function is responsible for policy control 
decision making and sends QoS information for each session begun, as well as 
accounting rule information. The eNodeB’s role is to enforce these policies. 
 
 PCEF 
The Policy and Chargement Enforcement Function is responsible for the QoS of 
the IP packets in the P-GW. It enforces rules that allow data-packets to pass through 
the gateway. However, its main function is that it performs service data flow detection 
and policy enforcement. 
 
4.1.1.4  LTE Advanced & LTE Advanced Pro 
Back in 2008, when LTE was first released as a 4G standard, it did not yet meet 
all the technical requirements set forth by 3GPP. In Release 10, 3GPP defined LTE-
A, which completely fulfilled the requirements, making it truly 4G [19]. The goal of 
LTE-A was to achieve a higher capacity in a relatively cost-efficient manner. 
Compared with its older releases, it came with increased performance capabilities such 
as increased peak data rates, higher spectral efficiency, support for an increased 
number of active subscribers, and improved performance at cell edges while 
simultaneously it was required for LTE-A to be backward compatible with its 
predecessors; this made it extremely demanding to maintain and further develop. LTE-
A came with a huge performance upgrade by adding new revolutionary concepts. 
Some of the most important ones were Carrier Aggregation, Multiple-input and 
Multiple-output (MIMO), Heterogeneous Networks, and Coordinated Multipoint. 
LTE-A exceeded everyone’s expectations, but it was still far too weak to carry 
the burden of self-driving cars. That is why with the 3GPP Release 13, the LTE-A Pro 
was introduced, delivering an even higher data speed increase, plus improved network 
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speed efficiency and capacity. It was another successful step for LTE-A, earning it the 
name of 4.5G.  
A big milestone occurred when Gigabit LTE broke the speed mark of 1 Gbps, 
while the latest LTE-A Pro networks and devices are capable of handling peak speeds 
up to 2 Gbps [19]. 
 
                                          Figure 4. 4:  LTE roadmap 
LTE-A Pro provided two sets of enhancements. The first set, similar to the 
previous releases, improved the performance in terms of capacity and speed. The key 
performance differences between LTE, LTE Advanced, and LTE Advanced Pro can 
be seen in Table 4.1 [20] [21] [22]. 
 
Technology LTE LTE-Advanced LTE-Advanced Pro 
Peak data rate (DL) 300 Mbps >1 Gbps >3 Gbps 
Peak data rate (UL) 75 Mbps 500 Mbps 1.5 Gbps  
Peak Spectrum 
Efficiency (DL) 
15 bps/Hz 30 bps/Hz 40 bps/Hz 
Latency 50 ms 10 ms 2 ms 
Carriers 1 5 32 
Antennas (MIMO) 4 8 32 
Carrier Aggregation Not supported Supported Supported 
3GPP Standard Release 8, 9 Release 10, 11, 12 Release 13 and beyond 
Total Carrier bandwidth 20 MHz 100 MHz 640 MHz 
 
                              Table 4. 1:  Key performance improvements 
With the improved LTE-A Pro, we have the added feature of aggregating more 
carriers utilizing both a licensed and unlicensed spectrum, substantial MIMO 
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improvements, and Higher-Order Modulation, allowing the support for up to 256 
QAM and beyond. However, more importantly, the second set expands the cellular 
technology to many new industries to enable new types of service applications. One 
of them is the C-V2X, making it possible to connect vehicles with other vehicles 
(V2V), pedestrians (V2P), infrastructure (V2I), and the network (V2N). The first three 
are network independent, meaning that in those cases the communication can take 
place even out of cellular coverage, while in V2N’s case, the network facilitates 
communication.  
C-V2X is introduced in LTE-A Pro and even further enhanced and perfected 
with the up and coming 5G NR. Even though most of the industry is focusing on 
networks based on 5G NR, 4G LTE networks will continue to be the main carrier for 
cellular networks for a long time. This is especially so considering that the 5G NR will 
be deployed in areas where such coverage will be needed most, meaning that in rural 
areas, 4G LTE will still be responsible for cellular coverage. 
 
4.1.2  LTE-based V2X Architecture 
The C-V2X architecture relies on the already-developed LTE architecture 
mentioned in the previous chapters, with the addition of a few new functional entities: 
the V2X Control Function (VCF) and the V2X Application Server (VAS). The two 
added modules are specified by 3GPP in Release 14 for subscription, provision, and 
delivery of the V2X services [23]. 
The central role falls on the V2X Control Function, which is implemented in the 
core network and is responsible for enforcing V2X network-related actions. The VCF 
provides the vehicles with needed resources for them to function inside a network-
covered area. Additionally, it also provides the vehicles with different configuration 
parameters that make it possible for the use of V2X applications in the “out-of-
coverage scenarios”, which are areas without network coverage. The VCF is both 
responsible for the authorization and the revocation of the V2X services. 
On the other hand, the V2X Application Server is responsible for the distribution 
of V2X messages to different target areas. The VAS stores different road information 
so it can then exchange it with vehicles making applications, such as V2N, possible. 
56 4  C-V2X 
 
 
    Figure 4. 5:  Reference architecture for PC5 and LTE-Uu-based V2X communication 
 
3GPP both enhanced the PC5 and the LTE-Uu interface to support V2X services. 
The PC5 is the direct interface responsible for the communication between two UE’s. 
It was built upon the LTE direct D2D design that was initially created for UE’s such 
as smartphones. So, with the new addition of the more demanding vehicle UE’s, the 
technology had to be upgraded for it to work properly. The enhancements were made 
for high-speed scenarios, high-density scenarios, improved synchronization, low 
latency, and improved reliability. It is built for proximal communications; it operates 
both in and out of network coverage, and it is most suitable for latency-sensitive use 
cases, like V2V safety [24]. 
On the other hand, we have the LTE–Uu interface, which is the radio interface 
responsible for the communication between a UE and an eNodeB. This uses LTE 
Broadcast to broadcast messages from a V2X server to vehicles and beyond, while 
vehicles can send messages to the server through unicast. This interface leverages 
already existing LTE networks and is more suitable for wide-area network 
communications while being a better fit for more latency tolerant use cases like V2N 
situational awareness. 
Support for direct D2D was introduced in 3GPP Release 12, providing a direct 
radio link between devices, without the need for a base station. Building upon the D2D 
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standard to introduce support for V2X applications, in Release 14 [14], two new types 
of communications, mode 3 and mode 4, as seen in Figure 4.6, were introduced. 
 
                              Figure 4. 6:  C-V2X Mode 3 and Mode 4 
 
 Mode 3 (Network assisted configuration) 
The resource scheduling and interference management on the side link are 
managed by the eNodeB over the LTE–Uu interface. While being extremely reliable, 
for Mode 3 to function, the vehicle has to be connected to the LTE network. This is a 
significant issue when it comes to mobility management, especially in scenarios where 
vehicles have high speeds like on a highway. 
 
 Mode 4 (Autonomous Configuration) 
The C-V2X Mode 4 does not need a network connection for it to operate 
properly. This mode includes a distributed scheduling scheme for vehicles to select 
radio resources for the direct V2V communications, with included support for 
distributed congestion control. 
 
In the EU and the US, the C-V2X in the direct mode is made to operate in the 
5.9 GHz spectrum, known as the ITS band, which is independent of the cellular 
network. This ensures that there is communication between all of the vehicles in this 
particular band. This band is also used by what is referred to as 802.11p or DSRC. C-
V2X and 802.11p are on adjacent or near-adjacent channels, given strict out-of-band 
emission limits while making coexistence possible (more on DSRC in the next 
chapter). The support for the 5.9 GHz band was introduced in 3GPP Release 14 [14]. 
While the LTE bands are deployed in various frequency bands being approximately 
2.5 GHz, all of a sudden, new challenges emerged when it was required to operate in 
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the 5.9 GHz band, such as higher doppler shifts and higher frequency offset. 3GPP 
Release 14 has introduced some advanced Link Layer enhancements to address these 
challenges in all scenarios. 
Taken together, network operators are not as invested in Mode 3 because it is 
expected to run into scenarios, in which the vehicles will not have any network 
coverage, rendering Mode 3 completely useless. Therefore, it is understandable why 
Mode 4 is undoubtedly considered the baseline mode for C-V2X communications.  
In the following chapter, DSRC technology will be introduced, including its use 
in V2X communications. Also, later we will compare both DSRC and C-V2X in an 
attempt to find out which technology is best suited for further development. 
4.2  DSRC-based V2X 
DSRC is a type of V2X technology that provides the ability for vehicles to 
exchange information with other vehicles and infrastructure; it is mainly used for 
collision avoidance. It is a two-way short-to-medium range wireless communication 
capability that is based on the IEEE 802.11p standard, and it was first introduced with 
the release of the 802.11p protocol, which is the basis of the dedicated short-range 
communications. The IEEE 802.11p is an extension of the IEEE 802.11 standard, with 
enhancements that allow the use of ITS applications.  
In 1999, the ITSs were provided with a set of 75 MHz of the spectrum in the 
5.5GHz band, for the use of DSRC technology for different safety and mobility 
applications. Then in 2008, the European Commission decided to set aside 30 MHz in 
the 5.9 GHz band for smart vehicle communications systems. The band would be later 
shared with the C-V2X technology [25]. 
DSRC had been involved in testing and development for a long time before C-
V2X was released. It has gained a lot of V2X support due to its low latency and high-
reliability performance that can be used for the reduction of road accidents through 
active safety applications, such as incident reporting and management, emergency 
response, collision avoidance, and pedestrian safety. It enables V2V and V2I 
applications, looking to reduce certain types of crashes through real-time advisories 
such as: 
 Sharp curves or slippery patches on the roadway ahead 
 Presence of other nearby vehicles and communication devices 
 Different collision paths during merging 
 Sudden unexpected vehicle stoppage ahead 
 Intersection movements 
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 Alerting drivers to different hazards on the road 
With the addition of other convenient uses such as using DSRC for paying 
parking tolls via e-parking, it is no surprise that this technology has gained such 
traction. Also, similar to C-V2X, DSRC has been developed almost exclusively for 
ADAS applications.  
DSRC can essentially support most V2V or V2I applications. However, despite 
its utility, it still gets outclassed by C-V2X, especially with the recent addition of the 
5G network. Although DSRC has yet to be made obsolete and is still being 
continuously developed, most entities still think that C-V2X partnered with 5G is 
likely to be the focus of future development.  
 
4.2.1  DSRC-based V2X and LTE-based V2X Comparison 
In this chapter, we will compare the two most relevant technologies in the V2X 
paradigm, the DSRC and the C-V2X. The main focus is on consistent performance in 
congested situations, enabling vehicular safety for longer range and enhanced 
reliability use cases and advanced vehicular communication use cases. Overall, C-V2X 
has several significant advantages compared with DSRC, some of which include [26] 
[27]: 
 Longer range and enhanced reliability, resulting in enhanced safety 
 
When it comes to link-level performance, simulations have been carried out 
where they tested both C-V2X and DSRC capabilities. With C-V2X achieving a line-
of-sight (LOS) range of 443 m and a non-line-of-sight (NLOS) range of 107 m, 
compared with DSRC, which scored a LOS range of 240 m and NLOS, which scored 
a range of 60m, the results are widely in favor of C-V2X, and the added range plays a 
big role in traffic safety because it allows for earlier alerts and better visibility of 
unexpected and potentially dangerous situations. It also allows safer driving while 
traveling at higher speeds, because the messages' reliability can still be maintained at 
a larger inter-vehicle distance, compared with DSRC, thus, safely making a vehicle 
pass maneuver. 
 
 More consistent performance under traffic congestion 
 
Most of the time, safety messages are transmitted more or less periodically for a 
given duration. C-V2X is designed to leverage these quasi-periodic traffic arrival 
patterns to deterministically pre-allocate resources for subsequent traffic arrivals. This 
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means that whenever traffic arrives, the necessary resources are always available 
thanks to the semi-persistent scheduling mechanism. Therefore, there is no need to go 
through resource contention procedures for subsequent traffic, allowing C-V2X to 
maintain low latency even in scenarios with higher vehicle density. Another point is 
that C-V2X selects the best resource, rather than the first available one, for traffic 
transmission, leading to improved channel access when the traffic load is high. 
 
 Resilience to interference  
 
Interference is a huge obstacle for V2X communications. It arises when other 
devices in the near vicinity emit radiofrequency energy into the same V2X channel. A 
comparison test was made between C-V2X and DSRC, showing that C-V2X is a lot 
better suited for handling such issues. [27] 
 
 Evolution path toward 5G 
 
Both Release 14 C-V2X and DSRC support low latency and reliable exchange 
of messages among vehicles and the information to enhance efficiency and safety. 
However, with the increasing need for many advanced safety and non-safety 
functionalities, many more technical improvements are required before anything can 
be expected to run smoothly.  
 
 Improvements are especially needed in areas such as higher capacity, ultra-low 
latency, ultra-high reliability, longer range, and higher data rates. For example, one of 
the most important features for future vehicles is sensor sharing. Sensor sharing is used 
to significantly enhance vehicles’ awareness beyond their immediate LOS vicinities. 
The requirements for this feature to work is the capacity for the exchange of large 
amounts of data between vehicles and infrastructure. Another major requirement is 
very low latency and high reliability to ensure that the received data is accurate and 
arrives in a timely fashion. Given the expected high vehicle density in many congested 
urban areas, an evolved V2X technology that can support very high capacity and data 
rates, as well as low latency, is needed to enable such applications as sensor sharing.  
In Table 4.2, a summary of the other technical advantages that C-V2X possesses 








 C-V2X: PC5 802.11p C-V2X: PC5 ADVANTAGE 
Synchronization Synchronous  Asynchronous Spectral Efficiency. 
Synchronization enables time-
division multiplexing (TDM) and 








TDM Only Frequency Division Multiplexing 
allows for a larger link budget and 
therefore longer range – or more 
reliable performance at the same 
range 
Channel Coding Turbo Convolutional Coding gain from turbo codes leads 
to longer range – or more reliable 





No HARQ Leads to longer range – or more 
reliable performance at the same 
range 
Waveform SC-FDM OFDM Allows for more transmit power 
with the same power amplifier. 
Leads to longer range – or more 













Optimizes resource selection with a 
selection of close to ‘’best’’ 
resource with no contention 
overheads. By contrast, 802.11p 
protocol selects the first ‘’good 
enough’’ resource and requires 
contention overhead. 
 
                              Table 4. 2:  C-V2X: PC5 advantages over 802.11p 
Altogether, the C-V2X technology outperforms DSRC both on the link level, as 
well as on the system level. It also has a much better relationship with each of the key 
stakeholders in this sector. 
 
 Car manufacturers  
For automakers, the C-V2X is a versatile and cost-effective solution combining 
secure wide-area and short-range connectivity in one technology. An automaker using 
C-V2X can install a single connectivity module in a vehicle to support direct 
communication with nearby vehicles, infrastructure, and road users, as well as the 
support for secure communications with the internet and cloud-based systems. There 
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is also the possibility of leveraging the already built cellular network security and other 
massive economies of scale in the 4G mobile ecosystem, in which a large group of 
chipset, module, and equipment makers all comply with the 3GPP standards. Overall, 
C-V2X has a massive advantage with the support of a large, innovative and 
competitive supply chain. 
 
 Mobile operators 
Mobile operators can harness their existing cellular infrastructure to support the 
rollout of C-V2X connectivity while keeping the deployment costs to a minimum, as 
well as generating significant economic benefits, thanks to the synergy between the 
conventional cellular infrastructure and the roadside infrastructure. By utilizing both 
infrastructure's capabilities to provide extensive coverage, there is also the possibility 
of a smoother and improved development of the Cooperative Intelligent Transport 
Systems. Additionally, operators’ commercial cellular networks can provide backhaul 
to link the roadside infrastructure with the cloud. C-V2X is also extremely compatible 
with existing LTE base stations, since it is based on a variant of 4G, resulting in rapid 
deployment. 
 
 Road operators 
Road operators have many upcoming challenges to face, one of them being that 
the ITS band, in the EU and the US, uses the high-frequency spectrum (5.9 GHz), in 
which radio signals have a very limited range. This means that providing extensive 
coverage might be a problem. However, in C-V2X’s case, there is the possibility for 
direct communications in the 5.9 GHz band to be supplemented with cellular 
communications using lower frequencies in which radio signals can travel further, 
resulting in higher reliability and higher service availability. Additionally, with the up 
and coming 5G mobile network, C-V2X will also enable road operators to harness the 
millimeter waves that will be used for low latency wide area network support for 
assisted driving and high-volume data transfer. Basically, by harnessing the already 
existing cellular infrastructure, they will be able to reduce the overall amount and 
maintenance of roadside infrastructure in both urban and rural areas. In the end, this 
will result in more funding being left over for things such as training other road agency 
personnel and highway maintenance. 
 
Considering that the above-mentioned reasons are just a small fraction of the 
reasons why C-V2X is better than DSRC, it is no surprise, that C-V2X has received a 
lot more attention in recent years. This is especially so with the recent growth and rapid 
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installment of the 5G technology. LTE Release 14 C-V2X was viewed as a necessary 
waypoint along the timeline for 5G development, as it supports safety-critical use 
cases. Also, as the 5G technology evolves, 5G-based C-V2X will be able to take 
advantage of ultra-reliable low-latency communication, massive-scale machine-to-
machine communication, and enhanced mobile broadband, all of which will be able to 
support more advanced use cases. For backward compatibility, a 5G V2X-enabled 
vehicle will support not just these advanced services, but also the basic safety for which 
LTE-based V2X was designed. 
4.3  5G based V2X 
CAVs are just around the corner, and they are expected to revolutionize road 
safety and traffic efficiency on a global scale. Also, with the introduction of 5G 
systems, we might have the robust, flexible, and business agile communication 
networking and computing technology foundation suited to cover all the necessary 
requirements. 5G came with a lot of new features, including new-designed efficient air 
interfaces, a wide range of allocated frequencies, advanced transceivers, multiple radio 
access technologies, as well as cutting-edge network software-ization principles; the 
result was a guaranteed ultra-low latency, ultra-high reliability, and high-data-rate 
V2X connectivity. Now, before examining the 5G version of V2X in more detail, it is 
necessary to give a brief presentation of the technology itself, such that some context 
can be provided as to why this technology is such a perfect fit for facilitating the 
implementation of some of the most demanding V2X use cases. 
 
4.3.1  5G 
The evolution to 5G is said to be paving the road to tomorrow’s AVs, with the 
promise of serving as a unified connectivity fabric for road safety, transportation 
efficiency, connected road sensors, in-vehicle experiences, and other connected car 
services. 
After nearly a decade in the making, 5G is finally becoming a reality. Mobile 5G has 
already made appearances in cities around the world, with a much more 
comprehensive rollout expected over the next few years. Also, as mentioned 
previously, 5G is an essential component in making autonomous driving possible. 
However, before we can examine the vehicle topic, it is important to explain what 
makes 5G so special in comparison with its previous generations and why it is such an 
important addition. In the next few chapters, a quick summary of some of the most 
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important aspects of the technology will be given, and, later, the ones that are the most 
relevant to the vehicle sector and the rest of this thesis will be highlighted. Also, once 
the basics have been acquired, there will be a slow transition to the new and improved 
technology that is the 5G New Radio Vehicle-to-Everything (5G NR-V2X). 
 
4.3.1.1  From 4G to 5G 
Back in Chapter 4.1.1.1, the history of the first four technology standards for 
cellular networks was explained. It was seen that every generation of wireless 
communication standards has brought immense technological improvement compared 
with its predecessor. It was seen that the realization of 4G was an almost 
incomprehensible upgrade from 3G. However, less than a decade later, new 
technological upgrades are required that will be able to support all the rapidly 
increasing performance demands. The following are some of the main factors that 
drove the development of a new generation of cellular networks, i.e., 5G [28]. 
 
 Rapid growth in mobile data traffic, mostly the consequence of video 
streaming. 
 
 Network operators being under pressure to reduce operational 
expenditure, as users get used to flat-rate tariffs and do not wish to pay 
more every time they buy a similar product. 
 
 Every year, the average number of devices per person increases, meaning 
that the number of connections is also rising. 
 
 The IoT also demands networks that will be able to support billions of 
devices. 
 
 An increase in energy efficiency is also needed because of the large 
growth in mobile devices and data traffic. 
 
 Additionally, 5G can enable different possibilities for new use-cases and 
new applications for the industry, also opening up new revenue streams 
for operators. 
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Bearing these factors in mind, 5G was designed to deliver significantly increased 
operational performance with the help of increased spectral efficiency, low latency, 
and higher data rates, as well as providing a superior user experience. It is also said 
that it will eventually replace, or at least augment, the already existing 4G LTE. In 
Figure 4.7, a comparison of the key capabilities between the International Mobile 
Telecommunication-Advanced (4th generation) and the International Mobile 
Telecommunication-2020 (5th generation), according to the ITU-R M.2083 can be 
seen [29]. 
 
    Figure 4. 7:  Comparison of key capabilities of 4th Generation with 5th Generation [29] 
 
4.3.1.2  5G Usage Scenarios 
During the implementation of 4G, the telecommunication companies concluded 
that would be better to have different grades of infrastructure to support different 
classes of services. 5G solved this issue by allowing three major service grades that 
may be tuned to the special requirements of their customers’ business models. In 
Figure 4.8, there is a simplified view of these three different scenarios and the sector 
on which they will have the most impact [30]. 
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                      Figure 4.1:  Projection of interrelated 5G service tiers [29] 
 
 Enhanced Mobile Broadband (eMBB) 
While mobile broadband is known to be the most important usage scenario for 
both 3G and 4G in today’s cellphone usage, eMBB is the most expected use-case for 
5G in its early deployment. Its objective is to service more densely populated 
metropolitan centers with downlink speeds approaching 1 Gbps indoors and 300 Mbps 
outdoors. By doing so, eMBB will bring high-speed mobile broadband to crowded 
areas and enable consumers to enjoy high-speed streaming for in-home, screen, and 
mobile devices on demand. It plans to accomplish this with the installation of 
extremely high-frequency millimeter-wave antennas in different areas such as 
lampposts, trees, sides of buildings, and even on public transport. eMBB aims to meet 
the people's demand for an increasingly digital lifestyle and focuses on services that 
have high requirements for bandwidth, such as HD videos, virtual reality (VR), and 
augmented reality (AR). 
 
 Massive Machine Type Communications (mMTC) 
mMTC aims to meet demands for a further developed digital society and focuses 
on services that include high requirements for connection density, such as smart city 
and smart agriculture. The evolution of smart cities is expected to rise, through the 
deployment of a considerable number of low-power sensor networks in cities and rural 
areas. That is where this grade comes into practice by being the main enabler of the 
new enhanced machine-to-machine and IoT applications. mMTC seeks to implement 
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a compartmentalized service tier for devices needing downlink bandwidth as low as 
100 Kbps but with latency kept low at approximately 10 milliseconds.  
 
 Ultra-Reliable Low-Latency Communications (URLLC) 
Out of all the three grades, URLLC will make by far the biggest contribution to 
the automotive sector. It will be the main enabler that drives the evolution of ITS, 
enabling smart vehicles to communicate with each other and creating opportunities for 
self-driving vehicles. URLLC will address critical needs communications where the 
priority is speed and the end-to-end latency is less than 1 millisecond, while not being 
overly concerned with the overall bandwidth. This makes it extremely important for 
the AVs category, where the reaction time of vehicles aims to be almost nonexistent. 
Also, any network latency or signal loss that would lead to messages not being able to 
be delivered to vehicles might result in catastrophic consequences. Other than 
automated driving, URLLC aims to meet expectations for the demanding digital 
industry and focuses on all latency-sensitive services, such as assisted driving and 
other remote management services. 
 
4.3.1.3  5G Frequency Spectrum 
While 5G comes with a vast number of new features, it also presents quite a 
number of new challenges for wireless operators. On one hand, 5G networks are 
intended to support faster mobile broadband speeds and lower latencies, making new 
applications possible such as AVs and on-demand video. On the other hand, it will 
require wireless operators to have access to large amounts of spectrum to make new 
services a reality. This is especially true since the frequency spectrum is a scarce 
resource, and a mixture of low-, mid- and high-band spectrum will have to be used for 
the delivery of the type of 5G experiences that have been promised to customers.  
This is the reason why, unlike LTE, 5G has the possibility of operating on three 
different spectrum bands. The first one, the low-band spectrum, is also known as the 
sub 1 GHz spectrum. It is not a new addition; this band has also been used by older 
generations, and it risks becoming completely depleted. The problem also arises 
regarding peak data speeds, which peak at approximately 100Mbps. The main 
advantage of the low-band spectrum is that it offers a great coverage area, and it is not 
too sensitive to obstacles such as walls or trees. 
Next, is the mid-band spectrum this has more problems when it comes to 
penetrating buildings compared with the sub-1 GHz spectrum. However, in exchange, 
it provides faster speeds and lower latency. The expected speed is up to 1 Gbps. 
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And finally, the high-band spectrum is the one that delivers the highest 
performance. It is usually referred to as the millimeter wave (mmWave). It has 
extremely low latency and significantly higher speeds that can peak up to 10 Gbps. 
However, in return, it also has significant drawbacks such as extremely low area 
coverage and is extremely sensitive to obstacles. While it is true that this spectrum 
band has opened many doors, it has also come with a lot of new issues. For instance, 
for an effective high-band network to be deployed, a ton more cells would be needed, 
compared with the low- and mid-band network. 
 
4.3.1.4  5G Use Cases 
Since 5G has made such a huge performance leap, compared with LTE, the 
release of new and improved use cases does not come as a surprise. Some of the main 
ones include [30]: 
 
 IoT 
This is one of the most important and exciting aspects of 5G. IoT is bound to 
achieve phenomenal results with what the new 5G capabilities will allow it to do. With 
the addition of 5G speeds and low latencies, IoT will be powered by communications 
among sensors and smart devices (mMTC). The specific mMTC devices will require 
significantly fewer resources since a huge number of these devices will be able to 
connect to a single base station, making them both cheaper and more energy-efficient. 
 
 Healthcare 
With the addition of URLLC’s reduction in latency to an almost negligible 
amount, a world of new possibilities opens up. Rural areas would be mainly affected 
by these changes since people could get access to critical care treatment in a much 
easier way. For example, patients would no longer need to leave their small towns to 
move to bigger cities where they could get the necessary treatment. 5G would enable 
caregivers in rural and remote areas to receive instructions and support from surgeons 
from all over the world, making it safer to conduct operations such as surgeries in 
facilities closer to small towns. Other planned improvements include remote recovery, 
telemedicine, physical therapy, precision surgery, and further down the line, even 
remote surgery. Also, with the addition of mMTC, a much-improved monitoring 
system for patients in hospitals can be expected. 
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 Remote Device Control 
Similar to remote surgery, URLLC will enable the operation of virtually any 
appliance across a large distance. One example would be the remote control of heavy 
machinery from far away, which would significantly reduce risks and increase the 
quality of the work done since there would be the possibility of hiring the best people 
for the job, worldwide. 
 
 Virtual Reality and Augmented Reality 
It is said that for a cloud-based server to provide the necessary resources to make 
a real-time sensory environment believable, the connection between that server and its 
user may need to reach as much as 5 gigabits per second of bandwidth. Before 5G, 
there was no technology that was capable of reaching those numbers. Another factor 
is that the augmented reality workloads may be so immense that they may have to be 
directed to servers stationed closer to their users, making augmented reality and virtual 
reality much better suited for small cell deployments. 
 
 Autonomous Vehicles 
Finally, the AVs sector. The main concept is that all vehicles will be able to 
provide information to the driver, other vehicles, and automakers. Not much more can 
be added here that has not been dealt with in previous chapters. One of the things that 
5G has enabled compared with previous technologies is much higher latency and 
increased sensitivity reliability for use cases; this will be dealt with in more detail in 
later chapters 
 
4.3.1.5  5G Architecture 
The 5G architecture is completely different from its previous generations. For 
5G, the 3GPP has defined a new radio access network called the next generation radio 
access network (NG-RAN), paired with the new radio interface protocol architecture 
called new radio (NR) and the new 5G core network (5GC) [31]. 
Comparing the EPC in LTE with the 5GC in 5G, a drastic change can be 
observed. The 5GC no longer considers network elements but rather network functions 
that can be virtualized and hosted in cloud environments. This has resulted in all the 
operations that were managed by the EPC network elements such as the P-GW, S-GW, 
and the MME in LTE, being replaced in 5G by virtualization and software. A 
considerable advantage of such an architecture is that it is a lot more flexible for 
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different 5G requirements, and it is much easier to maintain and upgrade as new 
network functions are developed. 
The NG-RAN is composed of two types of NG-RAN nodes: the next generation 
NodeBs (gNodeBs), providing NR protocol terminations towards the UE, and next-
generation eNodeBs (ng-eNodeBs), providing E-UTRA protocol terminations towards 
the UE. The NG-RAN nodes can be interconnected with each other via Xn interfaces 
and with the 5GC via NG interfaces. 
 
                                        Figure 4.2:  5G Architecture [15] 
Figure 4.9 shows an overview of the 5G system architecture and network 
functions as well as the descriptions of the acronyms of all the functions. While it 
would be very interesting to understand everything in detail, in this case for the AV-
related sector, the only functions that are of interest are the Application Function (AF), 
the Access and Mobility Management Function (AMF), the Policy Control Function 
(PCF), the Session Management Function (SMF) and the V2X Control Function 
(V2XCF). Their functionalities are the following: 
 
 Application Function  
By interacting with the 5GC, the AF provides different types of services. One 
example would be to support application influence on traffic routing, interacting with 
the Policy framework for policy control, and accessing the Network Exposure 
Function (NEF). 
 
 Access and Mobility Management Function  
The AMF includes the following functionalities: registration, connection, 
reachability and mobility management, UE mobility event notification, access 
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authentication and authorization, termination of RAN control plane interfaces, and 
termination of the Non-Access-Stratum (NAS). 
 
 Policy Control Function  
The PCF is in charge of important tasks such as providing policy rules to control 
plane functions to enforce them and supporting a unified policy framework to govern 
network behavior. 
 
 Session Management Function  
As the name suggests, the SMF is in charge of session management tasks such 
as session establishment, modification and release, including tunnel maintenance 
between the User Plane Function (UPF) and the Access Network (AN) node. It also 
has the key functionality of UE IP address allocation and management. 
 
 V2X Control Function (V2XCF) 
In our case, the most interesting of all the entities is the V2XCF. The V2XCF is 
a logical function that has the responsibility of handling network-related actions 
required for V2X. One of its functionalities is to provide the vehicle UE’s with detailed 
parameters that allow them to use V2X in a specific network. According to 3GPP, the 
role of the V2XCF can be shouldered by either proprietary V2XCF, by a mobile 
network operator, or by an already existing 5GC network function.  
 
4.3.2  LTE-V2X Evolution towards 5G-V2X 
Every new step to a fully AV brings with it new sets of even more complicated 
challenges. V2X applications, such as cooperative sensing and maneuvering, high-
density platooning, and teleoperated driving show hard-to-meet computing and 
communication demands, well beyond what the current radio access technologies, 
such as LTE and DSRC, can provide. Ultra-low latency (below 10 ms), ultra-high 
reliability (near 100%), and a high data rate (in the order of Gbps) communications are 
demanded by most V2X safety applications. This is the reason that after 3GPP decided 
to release the specifications for C-V2X in Releases 14 and 15, the discussion began on 
the further enhancements to the 5G architecture in Release 16, in order to meet the 
most demanding V2X performance requirements. And can be seen in Figure 4.10, the 
main focus of C-V2X in Release 14 is aimed at automotive safety, whereas the focus 
of 5G NR, specifically in Release 16, is aimed at autonomous driving. Both of these 
work in a complementary manner, meaning all of the industry investments that have 
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been put into Release 14 based C-V2X are to be protected in the future and used even 
when upgraded to Release 16 [32]. 
 
  Figure 4.3:  LTE Rel. 14 C-V2X and 5G NR Rel. 16 C-V2X are complementary 
 
While 5G NR has an enormous edge compared with LTE, most experts think 
that the use of both technologies in conjunction is the optimal way forward. LTE 
provides a solid foundation for 5G. One example might be when vehicles leave 5G 
coverage areas, such as rural areas outside the cities, they will rely on underlying LTE 
networks to provide ubiquitous coverage and a seamless user experience. 
This is the reason why, for the time being, the idea is to keep developing both 
networks in parallel and to make them forward and backward compatible so that they 
can work in synchronicity. At first, with 5G's arrival, it is to be expected that there will 
be a serious lack of coverage. This is the reason why it is important to keep upgrading 
LTE-A Pro so that there will still be relatively high-performance coverage in cases 
where the 5G network will not be able to reach its users.  
 
4.3.3  5G NR-V2X Roadmap 
The 5G Automotive Association (5GAA) brings together the automotive and 
telecommunications industries to address society’s connected mobility, advanced 
vulnerable road user (VRU) protection, and road safety needs with applications such 
as automated driving and the integration of road users into intelligent transportation 
and traffic management systems. 5GAA considers C-V2X technologies to be an 
essential step towards a fully integrated ITS via 5G. 
Back in December 2017, the 5GAA published a white paper called “Timeline 
for deployment of LTE-V2X (V2V/V2I)” that mainly focused on the introduction of 
direct communications with LTE 3GPP Release 14. Since then, the C-V2X has gained 
a lot of momentum and success. 
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A roadmap is a key part of the 5GAA strategy work. It shows the results and the 
predictions in key priority areas, such as the acceleration of the evolution of cellular 
technologies from 4G-V2X towards 5G-V2X, and the building upon network 
deployments to fast track new mobility services.  
5GAA is an excellent representative of an ecosystem. It is formed by 130 
representatives from all regions, whose main focus is to make sure that they deliver on 
time, with the help of market monitoring activities that are set up to measure success. 
In Figure 4.11, the appearance of the predictions can be seen, when it comes to the 
deployment of some of the use cases supported by future releases. It also includes the 
use-case timeline segmentation into four phases, reflecting the increasing complexity 
of their technical requirements [33]. 
 
               Figure 4. 8:  Expected timelines for mass deployment of C-V2X use cases  
The backbone for enabling the swift deployment of 5G worldwide and 
safeguarding its seamless evolution are network suppliers. As afore-mentioned, 5G 
provides many new technology solutions by achieving advanced requirements with its 
high capacity, high reliability, and low latency. Some of these new solutions include 
network slicing, guaranteed QoS, edge computing, etc. So, there are many factors to 
take into consideration before such a timeline can be drawn up. One of the most 
challenging aspects is that the network feature availability has to be aligned with the 
deployment timelines of use-cases and applications for the entire thing to work out as 
planned. One very important noteworthy point is that some aspects in the roadmap that 
are set for the future might be delayed due to the COVID-19 pandemic. 
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4.3.4  New 5G-based V2X Use-case Families 
5G NR-V2X came with a new set of innovative features, solving a lot of issues 
and fulfilling a lot of requirements that could not have been fulfilled by LTE-based C-
V2X. The consequence of all this was not only the enhancement of old LTE-V2X use 
cases but also a brand new more complex set of them, bringing automated driving ever 
closer.  
Some of the most demanding 5G-based V2X use cases, as well as their potential 
requirements, are listed below [34] [35]: 
 
 Vehicle Platooning 
One of the major solutions for solving traffic congestion is vehicle platooning. 
This is the instance when a group of vehicles is connected in a closely linked manner 
with virtual strings attached between them so that the vehicles can move forward in a 
way similar to that of a train with wagons attached. With 5G NR-V2X enhancements, 
the vehicles can maintain a safe distance by sharing crucial status information such as 
speed, heading, and intentions for breaking and acceleration. With the use of vehicle 
platooning, a decline in overall fuel consumption will be seen, reducing the number of 
needed drivers and the distance between vehicles.  
 
 Collective Perception of the Environment 
This new feature allows vehicles to exchange information with other vehicles 
and RSU’s. The exchanged information involves data captured from different kinds of 
sensors, leading to a type of collective perception of the environment, leading to an 
enhanced perception of vehicles that would result in fewer accidents. 
 
 Remote Driving 
V2X’s new feature of remote driving allows the vehicle to be remotely 
controlled by either a human that is not present in the vehicle or by cloud computing. 
Remote driving has an edge over autonomous driving when it comes to needing many 
fewer sensors and sophisticated algorithms to function. Human operators can operate 
it using on-board cameras that stream the vehicle's surroundings and other needed 
information, and, in return, provide the vehicle with commands. 
 
 Video data sharing for assisted and improved automated driving (VaD) 
By sharing high-resolution video data sent from one vehicle to others, drivers 
can be supported in making maneuvers in safety-critical situations. For instance, if 
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there is a truck driving in front of a vehicle, making it impossible to look ahead, other 
vehicles can share the video data so that the vehicle has a better view of the road in 
front of the truck, making it much safer to complete actions such as emergency 
breaking if there is an obstacle in front of the truck. However, the sharing of low-
resolution video data is not sufficient as some obstacles might not be clear enough, 
and there is a danger that they could get overlooked, having catastrophic consequences.  
 
 Advanced Driving 
Finally, advanced driving is the feature that allows vehicles to share their driving 
intention with vehicles in proximity, such as for cooperative maneuvers and 
emergency trajectory alignment between vehicles. 
 
 Extended Sensors 
The addition of extended sensors enables vehicles to exchange raw or processed 
data gathered through live video images or local sensors among other vehicles, RSU's, 
pedestrian devices, as well as V2X application servers. The new see-through feature 
is that vehicles will increase the perception of their environment beyond what their 
own sensors can detect and have a broader view of the situation. The biggest 
requirement here is high data rate exchange. 
 
 Traffic Efficiency 
Update of routes and a dynamical digital map update.  
 
In Table 4. 3 the list of the use-case families mentioned above can be seen, as 
well as a set of use-case scenarios of each one. We have also listed the strictest QoS 
requirements for each one, as well as the technologies capable of supporting the use 
























Information sharing within 
or outside platoon 
10 99.9 65 LTE (for 
limited cases) 




Message transfer among a 
group of UEs supporting 
V2X applications withing 
200m communication range 




Server or operator remotely 
controls the vehicle 
5 99.999 Uplink: 25 
Downlink: 1 
LTE and 5G 
NR 
VaD VaD communication within 
the range of 500m 
10 99.9 700 LTE (for 
limited cases) 







Vulnerable road user 
detection  




between a group of UEs  




Cooperative lane change 
between UEs  




Collective perception of the 
environment, 
 See-through 
3 99.999 1000 LTE (for 
limited cases) 
and 5G NR 
Traffic 
Efficiency 
Signal phase and timing, 
Green light optimal speed 
advisory 
1000 90 20 LTE and 5G 
NR 
     Table 4. 3: Requirements and the potential technologies for the enhanced V2X use cases 
Scenarios from families, such as collective perception of the environment and 
remote driving, would be able to function under LTE, without the assistance of 5G 
NR.  
However, there are other areas in which when supported by only LTE, such as 
vehicle platooning, the information sharing within or outside the platoon would not be 
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enabled to its full extent. In this case, the LTE network would only be able to support 
limited cases, and it would need additional aid from 5G NR to cover the remaining 
ones. And finally, we have the scenarios such as the ones that fall under the advanced 
driving use-case area, where the requirements are so demanding that the use of 5G NR 
would be mandatory for anything to work properly. 
At this point, a wider understanding should have been gained as to why the aid 
of 5G NR is needed for most of these use cases to function properly. The improvements 
carried out with the addition of the URLLC in 3GPP Release 15 made it possible to 
cover most of the requirements in terms of reliability and latency under certain set 
conditions. However, in the practical part of the thesis, how 5G network handles some 
of the more extreme road scenarios that are quite likely to happen in the real-world 
will be examined, by monitoring some of the network's more important QoS 
parameters, while increasing the network load with time [36]. 
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5  Practical Simulations of Implementing Autonomous 
Driving Communication with 5G 
5.1  Introduction 
In Chapters 2.3 and 3.1, one of the biggest priorities for ADAS and the ITS sector 
was mentioned, this being the safety of the passengers in the vehicle and the safety of 
other people that participate in traffic. That said, car manufacturing companies know 
that it is not appropriate to tunnel vision onto only this issue in particular. This is 
because the average consumer has a variety of needs that have to be met before they 
will even consider buying the end product (in this case, the vehicle). In the future, the 
consumer will expect much more from their car than just driving and waiting in their 
seat until they reach their destination. The cars of tomorrow will be able to use smart 
devices that offer several data services to their occupants and can be consumed in 
parallel during the drive. Some of these include making phone calls over VoIP, 
browsing the web, and watching HD videos. This is why consumers will not be too 
happy if the only thing the vehicle has to offer is their safety when they were promised 
much more. The point is that, on top of the fact that 5G-V2X applications are extremely 
demanding on their own, they have to work simultaneously with other applications 
that are embedded in the vehicle, also burdening the network. Consequently, more 
questions arise that are similar to the following: Will the 5G network be capable 
enough to meet the extremely demanding QoS requirements of the new 5G V2X use 
cases while operating in some of the most extreme road traffic scenarios and while 
simultaneously providing numerous vehicles with the network resources needed for 
other non-V2X applications?  
Questions such as this have had a significant impact on the author’s motivation, 
as to why this topic was chosen for this Master’s thesis. This is the rationale for the 
practical part of this thesis, in which the help of a simulation framework called the 5G-
Sim-V2I/N was used that is capable of simulating 5G V2I and 5G V2N use-case 
applications comprising the entire 5G user plane. The simulations took part in two 
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different road traffic scenarios, in which two QoS key performance indicators (KPIs) 
were measured for four different UDP applications running in parallel, on multiple 
cars. The parallel running applications included a V2X application, a VoIP call, a video 
stream, and a data download/upload, while the measured KPIs included packet delay 
(PD) and reliability. Finally, we compared our measured KPIs with the QoS 
requirements of the 5G V2X use-case families listed in Table 4.3, with the main goal 
of finding out which 5G V2X use-case families would have their QoS requirements 
fulfilled by the simulated 5G network. 
 Before describing the actual simulations, the framework that was used to help 
simulate the two scenarios will briefly be explained.  
5.2  Simulation Framework 
Initially, when the time came to pick a simulation environment to carry out the 
practical part of my thesis, there were not many options available to choose from. 
There were only a few open-source possibilities, and even those could only simulate 
LTE-V2X based scenarios. Luckily, after just a month of writing, an article [41] was 
released that was accompanied by the open-source OMNeT++ based 5G-Sim-V2I/N 
framework, said to be capable of simulating 3GPP Release 15 V2I/V2N use-cases with 
applications comprising the entire 5G user plane, using the combined efforts of well-
known tools like Veins, INET, SUMO, and SimuLTE, enhancing them with several 
5G specification features.  
In this chapter, the entities that comprise the entire framework will be described, 
explaining why they work so perfectly together. 
 
5.2.1  OMNeT++ 
OMNeT++ (objective modular network testbed) is a C++ based, extensible, 
modular simulation library and framework, primarily built for network simulators. 
OMNeT++ is not a simulator per se, but its primary use is the building of network 
simulators that include wired and wireless communication networks, on-chip 
networks, queueing networks, and a whole set of other networks. 
OMNeT++ comes with an Eclipse-based IDE, a graphical runtime environment, 
and a set of other tools, including extensions for real-time simulation, network 
emulation, database integration, and several other functions. In Figure 5.1, the 
OMNeT++ IDE containing the source-code used for our simulations can be seen. 
5.2  Simulation Framework 81 
 
 
                                        Figure 5. 1:  OMNeT++ IDE 
More information regarding OMNeT++, as well as the installation procedure, 
can be found on the official website [37]. 
 
5.2.2  INET 
The INET Framework is an open-source model library, initially made for the 
OMNeT++ simulation environment. It provides different protocols, agents, and other 
models, made for researchers and students working with communication networks. 
INET is especially useful for exploring more complex scenarios and has the option to 
design and validate new protocols. It contains models for the internet stack, such as 
UDP, as well as providing support for mobility with MANET protocols and 
components. What makes INET so convenient is that it is commonly used by other 
simulation frameworks as a base, and is then extended into specific directions, such as 
vehicular networks and LTE [38]. 
 
5.2.3  SUMO 
SUMO (simulation of urban mobility) is an open-source, highly portable, 
microscopic and continuous traffic simulation suite specifically designed to handle 
large networks. It was made for modeling traffic systems, including road vehicles, 
public transport, and even pedestrians. Each vehicle can be modeled individually with 
a certain speed and position that can later be updated with every time step. 
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Additionally, simulations can also be deterministic, with the option of adding 
randomness. Included in SUMO is a wealth of supporting tools used for creating, 
executing, and evaluating different traffic simulations, such as network import, 
visualization, route calculations, and emission calculation.  
The main reason for its implementation was to support the traffic research 
community with the needed tools that would provide them with the ability to 
implement and evaluate new algorithms [39]. 
 
5.2.4  VEINS  
VEINS (Vehicle in Network Simulation) is a modular structured, open-source 
framework, that combines both OMNeT++ and SUMO to make vehicular network 
simulations as realistic as possible.  
 It uses OMNeT++ to address the network simulation, while the road traffic 
simulation part is carried out by SUMO, as can be seen from its architecture in Figure 
5.2. Other components of Veins address coordinating these two together and control 
setting up, running, and monitoring of the simulations. The interaction between Veins 
and SUMO is managed through a TCP socket and with the help of the traffic control 
interface, also known as the TraCI protocol [40]. 
  
                                         Figure 5. 2:  Veins architecture 
 
5.2.5  SimuLTE 
SimuLTE is an innovative simulation tool enabling complex system-level 
performance evaluation of LTE and LTE-A networks for the OMNeT++ framework. 
To introduce vehicular mobility, SimuLTE uses the afore-mentioned Veins framework 
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that simulates vehicular networks with the help of SUMO. By integrating Veins into 
the SimuLTE project, it allows the simulation of cellular communications in vehicular 
networks. SimuLTE models the data plane of the LTE/LTE-A RAN and the EPC. It 
allows the user to simulate LTE/LTE-A in the frequency division duplexing mode, 
with macro, micro, and pico eNodeBs, using both omnidirectional and anisotropic 
antennas while simultaneously communicating between themselves.  
SimuLTE is written in C++ and is fully customizable with a simple pluggable 
interface. It borrows the concept of modularity from OMNeT++, making it easy to 
extend. Moreover, it can be integrated with other modules from the INET framework 
[41]. 
 
5.2.6  5G-Sim-V2I/N 
5G-Sim-V2I/N is an OMNeT++ framework that is capable of simulating 3GPP 
Release 15 V2I/V2N use-cases in the automotive context, with applications 
comprising the entire 5G user plane. It does this by enhancing the afore-mentioned 
SimuLTE and Veins, with several 5G specification features, some of which include: 
ITU-channel models, calculation of block size, and numerology. The well-known 
Veins framework bidirectionally couples OMNeT++ and uses the help of the traffic 
simulator SUMO for the integration of real-life traffic scenarios through 
OpenStreetMap, which is a free, editable map of the whole world.  
For the sake of keeping this thesis relatively short, we cannot afford to go into 
detail about every single implementation that was made from changing the LTE 
protocol stack to accommodate the 5G protocol stack within the simulation framework. 
For this reason, for more in-depth information on the framework, we suggest reading 
the following article [42]. 
 
5.2.7  Simulation Environment 
The simulations in this thesis were done by using the combined efforts of the 
above-mentioned components (OMNeT++, INET, SUMO, VEINS, SimuLTE and 5G-
Sim-V2I/N) and the graphs containing the results were plotted in Rstudio [43]. The 
path to downloading these segments, as well as a tutorial on how to set up the entire 
framework, can be found by visiting the following site [44]. 
The entire framework, as well as every simulation mentioned in this thesis, 
successfully ran on a PC with the following specifications:  
Operating System: Windows 10 
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Processor: Intel(R) Core (TM) i7-4700HQ CPU @ 2.40GHz 
Graphics: NVIDIA GeForce GTX 880M 
Installed RAM: 8:00 GB 
HDD Space used: around 20 GB 
5.3  Simulation Scenarios 
We used the above-presented framework to simulate approximately 640 cars in 
two different scenarios, the motorway and the urban scenario, running different 
parallel applications on each car. The data exchange between the cars and the 
application server on the Internet was conveyed via the Uu interface over the user plane 
function (UPF) in both downlink (DL) and uplink (UL). A simplified reference 
architecture can be seen in Figure 5.3. 
 
                         Figure 5. 3:  5G reference architecture for V2X (simplified) 
 
SCENARIO 1: In the first road traffic scenario, we simulated a motorway where 
the cars drive at higher speeds, which can have a huge effect on the network's 
performance. The second example is located in an urban area, where there are a lot of 
obstacles such as buildings or tall trees that might interfere with the signals. The 
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motorway scenario was extracted from OpenStreetMap with the help of SUMO. It 
represents a part of a motorway in Germany, with a length of 6 km, called the A6. To 
make things more realistic, the speed of the vehicles was also made relatively high, 
which had an impact on the network's performance. Also, there are four evenly 
distributed base stations, placed right next to it, that exchange data with the UPF. 
Figure 5.4 shows what the actual simulation looks like for the motorway example in 
the OMNeT++ graphical runtime environment. 
 
                                   Figure 5. 4:  Motorway scenario, OMNeT++ 
Figure 5.5 shows the SUMO graphical user interface (GUI), in which we can see 
the motorway simulation in motion, zoomed in for the purpose of seeing the cars up 
close. 
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                                  Figure 5. 5:  Motorway scenario, SUMO  
SCENARIO 2: In the second scenario, the initiative was to choose something 
completely different from the first one, to observe different results between two 
extremes. For this reason, considering that in the motorway scenario there were cars 
with higher speeds, the extreme opposite was to choose a scenario located in an urban 
area, where the cars drive at relatively slow speeds. Hence, the choice for the second 
scenario was an urban environment with buildings and heterogeneous road 
characteristics representing a part of the German city Erlangen. It has eight base 
stations placed in a way that matches their real GPS positions, and it includes the 
locations and outlines of buildings that act as obstacles, leading to worse network 
performance.  
In Figure 5.6, the urban scenario can be seen in the OMNeT++ graphical runtime 
environment. In Figure 5.7, the map of the city in the SUMO GUI can be seen; if 
zoomed in, the actual cars driving along the black roads can be seen, similar to the 
ones in Figure 5.5. 
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                                       Figure 5. 6:  Urban scenario, OMNeT++ 
 
                                      Figure 5. 7:  Urban scenario, SUMO  
In both scenarios, each car was running a set of four different applications, a 
V2X application, a VoIP call, a video stream, and a data download/upload application. 
Each application had a unique group of packets. For the scheduling of the packets, 
proportional fair queueing was used, where each packet group received a share of the 
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resources depending on its priorities, as well as the size of the packets in the buffers. 
The exact priority values for each packet group in both scenarios have been taken from 
[42]. The priority ensured that the packet group with the highest priority is going to be 
considered first during the scheduling procedure, as seen in Table 5.1, where the 
priority decreases from left to right. The V2X packets have the highest priority, 
followed by the VoIP packets, then the video stream packet, and, finally, we have the 
Data DL/UL packets with the lowest priority. 
 
 V2X VoIP Video stream Data DL/UL 
Packet size (byte) 200 50 1400 1400 
Packet interval (ms) 100 20 70 120 
                           Table 5. 1:  Application's packet characteristics 
Over the course of the simulation, we wanted to observe hundreds of vehicles 
and their QoS parameters (PD and reliability) of the afore-mentioned applications 
(V2X, VoIP, Video streams, Data DL/UL), in both DL and UL. In the DL, the packets 
are generated by the server and sent to each car that appears in the simulation, while 
in the UL, each car generates different packets on the application layer.  
An important thing to note is that our evaluation of whether a use-case family 
has its requirements met is quite simplified. In reality, use-case families have a much 
larger number of requirements while simultaneously being extremely specific. 
However, for the sake of simplicity, only two parameters will be compared, the PD 
and reliability. The PD is going to be measured on the application layer. This is 
important because it will allow a comparison of our results with the latency parameters 
mentioned in Table 4.3, where the latency definition states the following: 
 End-to-end latency: the time it takes to transfer a given piece of information 
from a source to a destination, measured at the application level, from the 
moment it is transmitted by the source to the moment it is received at the 
destination. 
The reason why we chose to focus on latency and reliability, is because these 
two requirements are some of the hardest ones to satisfy (network performance-wise). 
The addition of URLLC, which was introduced with the 5G NR standard, specified by 
3GPP in Release 15 [45], came with significant improvements in terms of reliability 
and latency, compared to older generations. That is why the requirements listed in 
Table 4.3, would have been extremely hard to meet by any network other than 5G. 
The complete specification of scenario parameters, configured in the simulation 
environment, is as follows (Table 5.2). 
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Simulation Parameters Motorway Scenario Urban Scenario 
Approximate number of cars 640 640 
Simulation Time 250s 250s 
Carrier Frequency 4 GHz 2 GHz 
Resource Block 100 100 
Scheduling procedure Proportional fair queueing Proportional fair queueing 
Subcarrier spacing 15 kHz 15 kHz 
TxPower for each car 26 dBm 26 dBm 
TxPower gNodeBs 46 dBm 46 dBm 
Height cars 1.5 m 1.5 m 
Height gNodeBs 35 m 25 m 
Height buildings 5 m 20 m 
Street width 20 m 20 m 
Antenna gain cars 0 dBi 0 dBi 
Antenna gain gNodeB 8 dBi 8 dBi 
Speed 80 – 180 km/h 30 – 50 km/h 
Fading Jakes Jakes 
Cable loss 2 dB 2 dB 
Noise figure cars 7 dB 7 dB 
Noise figure gNodeB 5 dB 5 dB 
Thermal Noise -104 dBm -104 dBm 
Tx mode Single port antenna Single port antenna 
Target BLER 0.1 0.1 
HARQ Reduction 0.2 0.2 
Number of base stations 4 8 
                                        Table 5. 2:  Simulation parameters 
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5.4  Results Evaluation 
In this chapter, the outcome of the simulations, for two different QoS parameters, 
will be examined. And at the end of both sections, the simulation results were 
compared with the QoS requirements of the use-case families listed in Table 4.3. As 
previously mentioned in the Introduction, our goal was to discover which of the use-
case families’ requirements have been met by the simulated network. 
 
5.4.1  Packet Delay simulation results 
First, the results for the packet delay (PD) measured in the UL will be examined, 
for both the motorway and the urban scenarios. The PD results are shown in the form 
of line graphs, where the x-axis represents the simulation time spanning from 0 to 250 
seconds, while the y-axis represents the PD spanning from 0 to 1 second. Considering 
that millions of values were measured, the results have been plotted in Rstudio [43] 
using the smoothing spline function [46] with the highest smoothing factor (spar 1). 
For a broader understanding of how smoothing splines work, it is suggested that the 
reader visits the following link [47]. 
In Figure 5.8, the measured UL PD on the application layer can be seen, for 
every application in the motorway scenario. As expected, at the beginning of the 
simulation, the PD for every application was at its lowest. The reason for this was that 
at the very beginning of the simulation, the motorway was empty. In Figure 5.8 the 
simulation can be seen at six seconds in when the first few cars are introduced. As time 
passes, more and more vehicles enter the area, which is why an almost linear increase 
of the PD for every application can be seen. At approximately 110 seconds into the 
simulation, the cars introduced at the beginning have managed to cross the entire 
motorway. This means that not only do the new cars keep entering the motorway but 
also, other cars have completed their drive and managed to cross the entirety of the 
road, explaining why, from this point on, the number of cars that enter the motorway 
is approximately the same as the cars who exit the motorway. It can be seen in the 
graph that after 130 seconds, the PDs stopped increasing, meaning that from then on, 
the burden on the network became more constant. 
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                                Figure 5. 8:  Motorway scenario, Packet Delay (UL) 
 
                                  Figure 5. 9:  Beginning of the simulation (MW) 
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It was previously mentioned in Chapter 5.3 that the packets differ in scheduling 
priority, where the V2X packets are the ones with the highest priority, followed by the 
VoIP packets, then the Video packets, and ending with the data packets that have the 
lowest priority. It can be seen in Figure 5.8 that despite the V2X packets having the 
highest priority, the V2X PD was consistently higher than the PD of every other 
application, peaking at a delay of approximately 0.7 seconds. This suggests that the 
scheduling priority might not have had such an impact on the PD, 
On the other hand, the VoIP packet's PD was consistently lower than the PD of 
other applications. In Table 5.1, it can be seen that the VoIP packets have the lowest 
packet size, as well as the lowest packet interval. This suggests that the packet size and 
the packet interval are a much larger factor in reducing the delay, compared with their 
priority when scheduled. 
Considering the PD of all of the applications in the urban scenario, in Figure 
5.10, it can be seen that, contrary to the motorway scenario, the order of the 
applications from the one with the highest delay to the one with the lowest, remains 
the same throughout the entire 250 seconds of the simulation.     
At the very beginning of the urban scenario, where the first set of cars enter the 
simulated city of Erlangen, the PD for each application is already relatively high 
compared with the motorway scenario. The reason for this might be that at the 
beginning of the simulation in the urban scenario, the number of cars introduced is 
much higher than in the motorway scenario, as can be seen in Figure 5.11. 
Additionally, the urban scenario contains many buildings that act as obstacles and 
consequently weaken the signal of the packets. 
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                                 Figure 5. 10:  Urban Scenario, Packet Delay (UL) 
 
                                Figure 5. 11:  Beginning of the simulation (UR) 
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Another thing that can be extracted from Figure 5.10 is that all the PDs remain 
at a relatively similar value throughout the entire 250 seconds of the simulation, despite 
the fact that the number of cars keeps increasing. This consistency is likely the cause 
of the higher number of gNodeBs, as well as their placement throughout the simulated 
city, where each one has to cover a smaller area compared with the ones in the 
motorway scenario. This might suggest that an increase in PD is not seen because at 
no point in time in the urban simulation do the gNodeBs become overworked with how 
many cars they are serving. 
In Chapter 5.3, we have mentioned that the PD was measured on the application 
layer, allowing us to compare it directly with the end-to-end latency requirements in 
Table 4.3. That is why until the end of this chapter, for the sake of simplicity, we will 
be addressing the measured PD, as the measured-latency.  
For a more transparent view when evaluating our results, we have copied the 
use-case families and their latency requirements from Table 4.3, and put them side-
by-side with two new columns, as seen in Table 5.3. The values in the two added 
columns represent the simulated time in each scenario, where the measured-latency 
(Figure 5.8 for the motorway scenario and Figure 5.10 for the urban scenario) has not 
exceeded the latency requirement for the use-case family in that designated row. While 
the symbol ‘’✕’’ indicates that, at no point in time in that particular scenario, has the 
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between a group of UEs 
25 ✕ ✕ 
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Driving 
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 See-through 
3 ✕ ✕ 
Traffic 
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Signal phase and timing, 
Green light optimal speed 
advisory 
1000 Entire 250 Entire 250 
                                Table 5. 3:  Met latency requirements in the UL 
It can be seen that in terms of end-to-end latency, the requirements are extremely 
demanding. Also, judging by the result graphs from both the motorway and the urban 
scenarios, it is safe to conclude that the V2X application PD is not sufficiently low for 
the network to support most of these use-case families.  
At the beginning of the simulation in the motorway scenario, the V2X PD starts 
at approximately 80 ms. Then, it starts to rapidly increase until it reaches its peak at 
approximately 750ms. This means that in terms of latency, the only two use-case 
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families that would be able to function under these circumstances are the cooperative 
perception of the environment, which has an end-to-end latency requirement of 100ms, 
and the traffic efficiency, which has an end-to-end latency requirement of 1000ms. 
The traffic efficiency would be able to function throughout the entire 250 seconds of 
the simulation since at no time does the PD exceed 1000ms. On the other hand, the 
cooperative perception of the environment use-case family would already have started 
to have performance issues with just 16 cars present on the motorway (6 seconds in), 
where the PD already surpasses its 100ms end-to-end latency requirement.  
As for the urban scenario, if Figure 5.10 is observed, it can be concluded that in 
terms of end-to-end latency, the only use-case family that would be able to operate in 
this situation is traffic efficiency. This is due to the PD being fairly constant throughout 
the entire simulation time, averaging at a delay of 750 ms, and never exceeding the 
1000 ms mark.  
 
5.4.2  Reliability simulation framework 
In this section, the second measured QoS parameter, which is the reliability, 
will be presented. With the PD in Chapter 5.4.1, the focus was only on the results in 
the UL. For the reliability, both the UL and the DL will be focused on for the 
purpose of comparing our results at the end. 
In both Figures 5.12 and 5.13, there is a set of four graphs per figure, representing 
the reliability graphs for all four applications in both scenarios. The graphs are in the 
form of boxplots. For a better understanding of boxplots and how they work, the reader 
is strongly advised to visit the following webpage [48] for a simple explanation, before 
continuing with the reading of this thesis. 
The reliability was measured in a way in which each application counts its 
received packets in total, as well as counting whether the PD is smaller than different 
packet delay budgets (PDBs). The x-axis comprises seven different PDBs that have 
had their values set at 10 ms, 20 ms, 50 ms, 100ms, 200 ms, 500 ms and 1s. This has 
been carried out for both the DL, which is shown on the left side of the x-axis, as well 
as for the UL, which is shown on the right side of the x-axis. On the other hand, the y-
axis represents the reliability where the values span from 0 to 1, where the value of 1 
means that all packets were delivered within that PDB (reliability equals 100%). 
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                               Figure 5. 12:  Motorway Scenario, Reliability 
Initially, the DL results from the motorway example will be evaluated. 
Examining the DL part of the V2X (MW) graph, it can be seen that the reliability is 
strictly above 90% for every PDB, except for the one of 10 ms. By comparing the said 
graph with the QoS requirements in Table 5.4, it can be seen that the reliability 
requirements have been met for the three families that have a required reliability of at 
least 90%. The mentioned use-case families include the following scenarios: 
information exchange between UEs, cooperative lane change between UEs, signal 
phase and timing, and green light optimal speed advisory. The remainder of the use-
case families have a reliability requirement of at least 99% while simultaneously 
requiring a latency lower than or equal to 100 ms, which is something the network in 
the motorway scenario is unable to deliver. The only other use-case family to even 
come close to having its requirements met is the cooperative perception of the 
environment family, which has a reliability requirement of 99.999% while having a 
latency less than or equal to 100 ms. Considering the DL 100 ms PDB on the V2X 
(MW) graph, it can be seen that the boxplot's minimum ranges a little under 99%. This 
means that it does not fulfill the requirements. 
 In the urban scenario in Figure 5.13, the reliability in the DL can be observed 
in graph V2X (UR). Overall, the reliability in the urban scenario is collectively lower 
compared with the reliability in the motorway scenario. This shows that the only use-
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1000 90 ✔ ✔ 
                                Table 5. 4:  Met Reliability requirements in the DL 
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 In Table 5.4, it is seen for each scenario, which are the use-case families that 
have had their requirements met in terms of reliability in the DL. The symbol ‘’✔’’ 
means that the use-case family in the same row as the symbol has had its reliability 
requirements met in the DL, by the scenario in the same column. While the ‘’✕’’  
symbol indicates that, the simulated network has not fulfilled the requirements. 
 
                                        Figure 5. 13:  Urban Scenario, Reliability 
Most of the use-case families that we have listed have a reliability requirement 
of more than 99% while simultaneously having extremely low latency requirements. 
According to the V2X (MW) graph in Figure 5.12, it can be seen that the reliability in 
the UL does not even come close to the 90% mark, let alone 99%. The only PDB that 
reaches 90% reliability with its interquartile range is the PDB of 1 second while having 
the median a little over 70%. Under such circumstances, not even the use-case family 
traffic efficiency would have been able to operate in such an environment, despite 
having by far the lowest QoS requirements, with a required reliability of more than 
90% and a latency lower than 1000 ms.  
For the evaluation of the results in the urban scenario, it is necessary to observe 
both Figures 5.12 and 5.13 side by side. By comparing both figures, it can be seen that 
the measured V2X (MW) reliability in the UL is generally higher compared with the 
V2X (UR) reliability measured in the UL. This means that in terms of the UL, the 
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network in the motorway scenario would not have been able to support any use-case 
families listed in Table 4.3, and it can be safely concluded that the chances of them 
working in the urban scenario are even lower. 
5.5  Discussion 
The first parameter that we observed was the PD in the UL, for both the 
motorway and the urban scenarios. From the motorway part, the main fact that we have 
extracted from looking at the graphs is the notion that the size and the interval of the 
packets represent a much more impactful factor when dealing with PD, compared with 
scheduling priority. One important factor that we gleaned from the PD graph of the 
urban scenario is that, when it comes to PD, the buildings that act as obstacles and 
block the signals are by far the biggest reason for the increase in PD. At the end of the 
PD results section, the evaluation of which use-case family listed in Table 4.3 would 
have been able to operate in our simulated environment has been achieved, based on 
only the required latency. The conclusion was reached that in both the motorway 
scenario and the urban scenario, the only use-case family that would have been able to 
function properly was traffic efficiency. 
After the PD section, the second QoS parameter, the reliability, was dealt with. 
The results in both the DL, as well as in the UL, were measured. And finally, as carried 
out in the PD section, the requirements from the use-case families in Table 4.3 were 
compared with the reliability graphs from both the motorway and the urban scenarios, 
in order to try and discover which use-case families would have been able to operate 
under these scenarios.  
We began by focusing on the reliability measured in the DL. In the motorway 
scenario, the reliability of the V2X application was quite high, where the network has 
met the reliability requirements for the following use-case scenarios: information 
exchange between UEs, cooperative lane change between UEs, signal phase and 
timing, and green light optimal speed advisory. In the urban scenario, the measured 
reliability of the V2X application was noticeably lower compared with the one 
measured in the motorway scenario. It was so much lower, that the only use-case 
family that the network would have been able to support was traffic efficiency, which 
has the lowest requirements in terms of reliability and latency, out of every other use-
case family on the list. 
The reliability measured in the UL was evaluated last. In this case, the reliability 
that was measured in the UL was a lot lower compared with the one that was measured 
in the DL. When we went over all the possible use-case scenarios that might have been 
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suited for the measured requirements, we quickly found out that in both scenarios, the 
reliability measured in the UL was so low that the number of potentially working use 
cases was reduced to zero.  
Also, considering the requirements in Table 4.3 have to be met in both the DL, 
as well as the UL, for the use-case scenarios to function properly. It was concluded 
that the network in the motorway scenario, as well as the one in the urban scenario, is 
not capable of fulfilling the needed reliability requirements. The reason for this is that 
while the listed use-case family requirements are extremely demanding (most of them 
are above 99%), they are usually accompanied by other extremely low latency 
requirements, resulting in making meeting these requirements even more difficult. 
The end results show, that the simulated 3GPP Release 15 network, used in our 
framework, has had extremely poor results, not being able to sustain any of the listed 
5G-V2X use-case families. For any hope of fulfilling these requirements in the future, 
under similar environmental circumstances, a more capable network will be required, 
with an emphasis added on extremely low latency and high reliability. Which are only 
two of many parameters, that the future 3GPP Releases seek to improve. Significant 
changes have already been done to the 5G V2X sidelink in 3GPP Release 16 [49], with 
the addition of a multicast option, enabling multiple advanced use-cases like enhanced 
autonomous driving and other public-safety use-cases. While the 3GPP Release 16 has 
already been successfully finalized back in December 2019, the next wave of 
innovation began immediately with 3GPP Release 17 [50] which is looking to build 
on previous releases, by enhancing them further. One example is to better support the 
sidelink in battery-powered devices, as well as work on enhancing the sidelink’s 
spectral and power efficiency, which will open the door for new V2X use-cases. 
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6  Conclusion 
The core objective of this thesis was to investigate through theoretical research 
and a set of practical simulations if the 3GPP Release 15 5G network is able to support 
autonomous driving. To do so, the initial target was to get well informed on the 
autonomous vehicles topic and everything that surrounds it. One of the most important 
concepts we wrote about in the beginning was the V2X concept where we quickly 
found out that there are still a lot of issues that need further attention before 
autonomous driving can be brought closer to reality.  
The technology surrounding V2X has been evolving at a rapid pace, and it has 
made significant improvements in a relatively short amount of time. The one 
technology in particular, which stood out from all the others, is the C-V2X, with its 
ability to use the already existing cellular networks (LTE, 5G). We learned that the 
LTE-V2X has had considerable success in a relatively short period. However, it has 
not been capable of supporting the actual autonomous driving. Once 5G made its 
appearance, it brought with it promises of hundreds of new enhancements including 
URLLC and 5G NR-V2X, which have the potential of considerably improving the 
current LTE-based V2X and bringing autonomous driving closer to reality.  
The practical part of the thesis focused on simulations of multiple vehicles, in different 
environments that mimic some of the worst traffic scenarios in real life, to investigate 
how the 5G NR standard, specified by 3GPP Release 15, operates under such 
situations. We wanted to investigate whether the newly released 5G network would be 
able to sustain applications like autonomous driving and other extremely demanding 
use-cases. That is why the simulations were carried out with the help of an OMNeT++-
framework which covers the entire 5G User Plane (3GPP Release 15) for simulating 
use cases in the context of V2I / N. 
After simulating the two scenarios, the results showed that the 5G network did 
extremely poorly in both scenarios. It turned out that the network was not able to meet 
the requirements of any of the use-case families for them to function properly. This 
was partially a result of the fact that the two simulated scenarios were a big burden on 
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the network to begin with. While the main fault for the network's underperformance 
fell on the extremely high use-case requirements, we concluded that the simulated 5G 
NR standard, specified by 3GPP Release 15, is considerably underwhelming and 
significant upgrades are required, in particular in terms of latency and reliability, 
before even coming close to facilitating AV in reality. One very important thing to 
keep in mind is that the simulation framework used for this thesis is still pretty limited. 
The biggest limitation is that the simulation framework does not have the option to 
simulate the sidelink, which would surely better the results in terms of latency and 
reliability. Meaning that if the simulation framework would have had more tools at its 
disposal, the results for the simulated 5G network would have been much better. 
Concerning future work, the subsequent Release 16 and further upcoming 
releases of 5G are expected to address and resolve most of these issues accordingly. 
Once the framework used for the simulations presented in this thesis is upgraded to 
newer releases, further comparative simulations of the same scenarios will be possible 
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